Introduction {#s1}
============

The activity of neurons of the cerebellar nuclei (CbN) facilitates motor learning, error correction, and coordination of movements ([@bib40]; [@bib44]; [@bib47]; [@bib51]; [@bib62]; [@bib70]; [@bib69]). CbN neurons, which form the sole output of the non-vestibular cerebellum, receive excitation from mossy fibers from multiple brain regions and convergent inhibitory input from Purkinje cells of the cerebellar cortex. Learning-related reductions of Purkinje cell activity facilitate novel motor behaviors, presumably by disinhibiting CbN cells ([@bib1]; [@bib19]; [@bib28]; [@bib29]; [@bib42]; [@bib46]). Indeed, movements can be triggered by optogenetically reducing firing by Purkinje cells, thereby elevating CbN cell activity ([@bib25]; [@bib33]; [@bib60]; [@bib74]; [@bib67]). Conversely, in behaving animals, pharmacologically inactivating regions of the CbN prolongs reaction times, implicating the CbN in controlling even simple movements ([@bib21]; [@bib43]). Moreover, motor control is severely disrupted by pushing CbN cell output to either extreme, that is, by silencing cerebellar output through complete ablation or by complete disinhibition through Purkinje cell loss ([@bib20]; [@bib41]; [@bib71]; [@bib77]). Movement disorders can also be generated by mutations that make CbN cells fire irregularly ([@bib17]; [@bib32]; [@bib72]). Together, these results suggest that both the rate and timing of CbN cell activity must be precisely regulated.

Nevertheless, how the firing patterns of CbN neurons shape ongoing, well-practiced movements such as locomotion is less well defined. The firing rates of Purkinje as well as CbN neurons increase and decrease systematically during walking ([@bib3], [@bib4]) and other volitional movements ([@bib5]; [@bib6]; [@bib23]; [@bib70]), consistent with the idea that modulated CbN cell firing contributes to motor behaviors; however, passive motion can induce similar modulation ([@bib10]; [@bib11]). The question is complicated further by the responses of CbN cells to Purkinje cell input. Despite extensive convergent inhibition and powerful inhibitory synaptic contacts ([@bib28]; [@bib56]; [@bib57]), the firing rates of Purkinje and CbN cells are not always anticorrelated ([@bib4]; [@bib45]; [@bib70]). Predicting CbN output from Purkinje cell rates may be nontrivial in part because both cell types are excited directly (CbN) or indirectly (Purkinje, via granule cells) by mossy fibers, whose activity is also modulated during locomotion ([@bib59]). In addition, CbN cells in vitro are sensitive to the temporal correlation among convergent inhibitory inputs ([@bib13]; [@bib18]; [@bib57]; [@bib75]).

Such observations raise the questions of how CbN cells respond to modulated inhibition from Purkinje cells and how these responses relate to behavior. To explore these questions, we recorded extracellularly from stride-modulated Purkinje or CbN cells, while monitoring hind paw movement in awake, head-fixed mice running voluntarily on a cylindrical treadmill. The rate and temporal pattern of inhibition of CbN cells were briefly altered by optogenetically stimulating ChR2-expressing Purkinje cells. Perturbations of CbN cell firing rate modulation correlated well with irregularities ('slips') in the step cycle, and the slip probability varied with whether the light stimulus evoked asynchronous or relatively synchronous Purkinje cell firing.

Results {#s2}
=======

Targeting Purkinje and CbN cells with running-related activity {#s2-1}
--------------------------------------------------------------

To investigate the activity of principal neurons of the cerebellum during voluntary locomotion, we recorded from Purkinje neurons and CbN cells in awake, head-fixed mice running on a freely rotating (non-motorized) cylindrical treadmill, while simultaneously tracking locomotion by video-monitoring the ipsilateral hind paw ([Figure 1A](#fig1){ref-type="fig"}). The mice were the offspring of Ai27D x *Pcp2*-cre crosses and expressed channelrhodopsin (ChR2) in Purkinje cells. Loose cell-attached recordings were made from either Purkinje neurons in the lobulus simplex or CbN cells in the interpositus nucleus, which are known to be modulated during walking in cats ([@bib3]). Pilot studies identified corresponding regions of the mouse interpositus in which firing rates of CbN cells were modulated during strides (Materials and methods). In separate experiments, Purkinje cells projecting to regions of the CbN with stride-modulated cells were identified by retrograde tracing with fluorescent markers (Materials and methods). Labeled Purkinje somata were consistently found in the ventral third of lobulus simplex, always including the bottom of the primary fissure ([Figure 1B](#fig1){ref-type="fig"}), and often extending about 500 μm more posteriorly. These regions of lobulus simplex were stereotaxically targeted for Purkinje cell recordings. The angle of approach of the electrode was adjusted so that Purkinje and CbN cells in likely connected regions could be obtained in the same penetration. In 35/41 recorded Purkinje cells and 39/46 recorded CbN cells, at least one condition of stimulation via the optical fiber in the patch electrode increased firing rates of Purkinje cells or decreased firing rates of CbN cells, confirming that the dominant effect of ChR2 activation was to excite Purkinje cells, and also altered movements of the ipsilateral hindlimb (analyzed further below). Ipsilateral forelimb or trunk movements could occasionally be evoked as well, indicating that the Purkinje and CbN cells were not exclusively associated with regulation of hindlimb movement. Nevertheless, only the hindlimb was monitored, since the goal was to track continuity or discontinuity of the stride, rather than to correlate neuronal activity with actions of specific muscles.

![Identification of Purkinje and CbN cells involved in hindlimb movement during locomotion.\
(**A**) *Top,* Schematic of the setup including a head-fixed mouse running on the cylindrical treadmill, with paw movement recorded with an infrared camera. The patch pipette contained an electrode wire and an optical fiber. *Bottom*. Side-view of the ipsilateral hindlimb (*left*). A cursor (*green cross*) tracked the X and Y positions of tip of the paw within a marked ROI (*green box*). The paw record (*right*) was captured at \~ 240 frames/s. (**B**) *Left,* AAV2/9-mediated retrograde labeling of Purkinje inputs following injection of a viral mixture (ChR2-mCherry and ChR2-eYFP) in the interpositus nucleus of *Pcp2*-cre mice. Sample image of a coronal section showing an overlap (*white*) of mCherry (*magenta*) and eYFP (*green*) label in Purkinje cells of lobulus simplex. *sim*, simplex, *prf*, primary fissure, *IA*, interpositus anterior, *IP*, interpositus posterior, *IDL*, interpositus dorsolateral hump, *Lat*, lateral nucleus, *Me*, medial nucleus. *Upper right*, higher magnification image of labeled Purkinje somata (*arrows*) at the bottom of lobulus simplex surrounding the primary fissure. *Lower right*, higher magnification image of the site of injection in the nucleus interpositus posterior, showing labeled terminals of Purkinje afferents, but not CbN cell bodies. (**C**) and (**D**), *Left,* Sample images of coronal sections from two different mice. *Green,* Alexa 488-dextran amine injected at two sites along the recording track in mice expressing ChR2 and tdTomato (*magenta*) in all Purkinje cells (Ai27D x *Pcp2*-cre). *Dotted arrows*, injection pipette track. (**D**), *right.* Higher magnification images of the labeled Purkinje somata (*top; arrows*) and CbN cell somata (*bottom*) along the track in D.](elife-29546-fig1){#fig1}

After recordings, Purkinje and CbN cell locations were labeled with injections of fluorescent dye. All Purkinje cells in the study were in the lobulus simplex (VIa) and spanned about 200--300 µm in the anterior-posterior axis ([Figure 1C and D](#fig1){ref-type="fig"}). CbN cell locations were usually in the posterior interpositus ([Figure 1C and D](#fig1){ref-type="fig"}), but sometimes extended to the anterior and dorsolateral divisions.

Firing rates during rest and run {#s2-2}
--------------------------------

To obtain baseline information for subsequent optogenetic manipulation as well as for comparison to previous work, we began by recording action potentials from either Purkinje or CbN cells while mice ran on a non-motorized treadmill. Firing rates were analyzed in the subset of mice that both rested and ran during the recording period. Traces from a sample Purkinje and CbN cell, along with instantaneous firing rate and paw position, are shown in [Figure 2A](#fig2){ref-type="fig"} for rest (*upper panels*) and run (*lower panels*). At rest, Purkinje cells fired 93 ± 6 spikes/s (N = 35) and CbN cells fired 85 ± 6 spikes/s (N = 33; [Figure 2B](#fig2){ref-type="fig"}). Both these values are somewhat higher than spontaneous firing rates recorded in juvenile to weanling rodent cerebellar slices with all synaptic transmission blocked (Purkinje cells \~50 Hz, [@bib31]; [@bib50]; for CbN cells of male mice, \~70 Hz, [@bib48]). During running, mean firing rates for both Purkinje and CbN cells both increased equivalently compared to rest ([Figure 2B](#fig2){ref-type="fig"}; mean run rate Pkj, 119 ± 8 spikes/s; CbN, 101 ± 7 spikes/s, rest *vs.* run, Pkj, p\<0.001; CbN, p=0.06, *paired t-test*; Pkj *vs.* CbN run-rest difference, Pkj, 26 ± 6 spikes/s; CbN, 16 ± 8 spikes/s, p=0.3, *Wilcoxon rank sum test*), suggesting that both classes of cells undergo a net increase in excitation during locomotion.

![Running related changes in Purkinje and CbN cell firing rates.\
(**A**) Sample traces of loose cell-attached recordings from a Purkinje (Pkj) cell (*left*) or a CbN cell (*right*) in awake, head-fixed mice on a non-motorized treadmill during periods of rest (*top*) or run (*bottom*). *Paw,* ipsilateral hind paw position in the x-domain. *IFR*, instantaneous firing rate; *IFR hist*, histogram of the IFR in 20 ms bins, overlaid for rest and run. (**B, C, D**) Mean, minimal, or maximal firing rates during run periods across multiple strides *vs.* mean firing rate during rest (≥2 s) for all cells. *Open symbols,* individual cells; *filled symbols*, means; *grey lines*, unity.](elife-29546-fig2){#fig2}

Firing rate modulation with stride {#s2-3}
----------------------------------

In both cell types, firing rates were modulated during the stride ([Figure 2A](#fig2){ref-type="fig"}, *lower panels*), consistent with previous work in cats on motorized treadmills moving at a fixed rate and for Purkinje cells in freely moving rats ([@bib3], [@bib4]; [@bib63]). Superimposing histograms of the firing rate during running and rest (20 ms bins) revealed that firing was modulated both above and below the mean rest firing rates for the same cell ([Figure 2A](#fig2){ref-type="fig"}, *bottommost plots*). Most Purkinje and CbN cells showed bidirectional modulation of the instantaneous firing rates, with minima below rest (Pkj, 81 ± 7 spikes/s, p=*0.05*, CbN, 61 ± 6 spikes/s, p=0.0014, *Wilcoxon rank sum test, one-sided,* [Figure 2C](#fig2){ref-type="fig"}) and maxima above rest (Pkj, 159 ± 9 spikes/s, p\<0.001; CbN, 152 ± 13 spikes/s, p\<0.001, *Wilcoxon rank sum test, one-sided,* [Figure 2D](#fig2){ref-type="fig"}).

Next, we quantified the extent of firing rate modulation and its relative phase to the stride. Since locomotion was voluntary, the stride duration of the mouse on the treadmill varied with running speed, step length, or other alterations of gait, but left-right limb alternation was preserved as in freely walking mice ([@bib8]; [@bib37]). The stride duration ranged from 140 ms for the briefest strides (i.e., fastest locomotion) to 419 ms for the longest strides (mean, 222 ms; S.D., 71 ms, N = 9091 strides). Stride durations, along with the associated firing rates of the recorded neuron, are illustrated for one Purkinje cell ([Figure 3A and C](#fig3){ref-type="fig"}) and one CbN cell (). The modulation of firing rates of Purkinje and CbN cells during different stride durations was examined by separating each stride into its four components: the *lift* of the paw, the *swing* of the paw forward, the *plant* of the paw, and the *stance* as the paw moves backward on the treadmill. Aligning strides to the lift revealed that, despite variations in stride duration, firing rates tended to rise and fall at consistent phases of the stride for both Purkinje and CbN cells ([Figure 3C, 3DFigure 3C and D](#fig3){ref-type="fig"}), indicating that the phase relationship between firing and the stride did not greatly change with speed. Therefore, to analyze the changes in firing rate over the course of the step cycle, we normalized the duration of strides aligned to the lift by dividing the stride into a total of ten bins before (stance) and after (swing) the lift (); eliminating the longest or shortest strides did not alter these plots, justifying collapsing the data across stride durations. The mean instantaneous firing rate per bin was calculated for each stride and averaged across all strides. These firing rates were plotted, along with normalized paw position, against normalized stride time (; Materials and methods). We refer to this change in instantaneous firing rate on the time scale of the stride (usually 200--300 ms) as 'stride-related modulation\'.

![Modulation of firing rates relative to the phase of strides.\
(**A**) Sample records from a running mouse of Purkinje cell spikes, paw position, and instantaneous firing rate, illustrating *stance, swing, lift, plant*, component phases of a stride. (**B**) As in (**A**), for a CbN cell. (**C**) *Top,* sample strides aligned to lift. Raster plots of firing by the Purkinje cell in (**A**) during strides sorted by duration and aligned to the lift phase. Every third stride of 171 strides is plotted. (**D**) As in (**C**), for the CbN cell in (**B**). Rasters during every third stride of 159 strides. (**E, F**) *Red,* binned instantaneous firing rates averaged across all lift-aligned strides vs. normalized stride bin. *Blue*, paw position averaged across all normalized strides. Data from the Purkinje cell in (**A, C**) and the CbN cell in (**B, D**). (**G**) Modulation indices (MI) for all cells calculated from the mean IFR curves as in (**E, F**). *Open symbols,* individual cells, *filled symbols*, means; *st*, stance phase; *sw*, swing phase. (**H**) Population average of all IFR tuning curves across all Purkinje and CbN cells, superimposed on paw position. *Solid line*, stance; *dotted line*, swing. On all panels, all figures, *ns*, non-significant, \*p\<0.05, \*\*p\<0.01, *\*\*\**p\<0.001.](elife-29546-fig3){#fig3}

The depth of stride-related modulation on a cell-by-cell basis was estimated as a modulation index (MI), defined as the ratio of maximal change in firing rate to the sum of the maximal and minimal firing rates, (max − min)/(max + min). An MI of 0 thus indicates no modulation and an MI of 1 indicates maximal modulation. Purkinje and CbN cells showed similar degrees of modulation for the whole stride ([Figure 3G](#fig3){ref-type="fig"}, *left*; Pkj, 0.4 ± 0.03, N = 35; CbN, 0.4 ± 0.04, N = 39; p=0.7, *Wilcoxon rank sum test*). As an alternative test of modulation, we analyzed the individual spike times during the step cycle for all strides in a given recording with Kuiper's tests. All cells demonstrated a significant deviation from a uniform distribution of spike times throughout the step cycle, confirming stride-related modulation of firing rates (Pkj, N = 35; CbN, N = 39; p\<0.001, all cells). Because the extent of modulation often appeared different in the stance and the swing, as in previous studies ([@bib3], [@bib4]; [@bib54]), we compared the MI for the stance alone (St~MI~) to that for the swing alone (Sw~MI~). Most Purkinje and CbN cells were modulated to a greater extent in the (hindlimb) stance than in the swing ([Figure 3G](#fig3){ref-type="fig"}, *right*; Pkj, St~MI~ = 0.3 ± 0.03 *vs*. Sw~MI~ = 0.2 ± 0.02; CbN, St~MI~ = 0.3 ± 0.04 *vs*. Sw~MI~ = 0.2 ± 0.03, p\<0.001 both within-cell comparisons, *Wilcoxon signed-rank test*); note that hindlimb and forelimb stance and swing are out of phase with each other ([@bib37]).

To investigate the phase relationship between stride-related modulation in Purkinje and CbN cells, we averaged the activity of all Purkinje neurons or all CbN neurons. Although the population of neurons was clearly heterogeneous, as described below, this measure permits comparison to related studies. The mean data showed that the Purkinje cell population had firing rates that peaked earlier in the stance phase of the stride than did the CbN cell population ([Figure 3H](#fig3){ref-type="fig"}). Since most strides were 200--300 ms long, the phase advance of approximately two bins corresponds to \~ 40--60 ms, considerably longer than a few synaptic delays. The 90° shift (i.e., one quarter of a stride) remained when the firing rates were normalized for each cell to avoid excessively weighting neurons with higher firing rates. This phase relationship differs somewhat from a similar analysis of forelimb-related Purkinje and CbN cells in cats walking at fixed rates on a motorized treadmill, which revealed an in-phase relationship for modulated Purkinje and CbN cell firing rates and greater activity on or just before the swing phase ([@bib3], [@bib4]). While several differences between the studies, including species, the limb monitored, whether the stride was fixed or not, and likely the specific recording regions, might contribute to the different average phase relationships, both the present and the previous study provide evidence against a preponderance of anti-phase relationship between the averaged activity of Purkinje and CbN cells in regions that are likely to contain connected cells.

Moreover, the individual Purkinje and CbN neurons actually showed a wide range of firing patterns, with different cells showing peak firing rates at different phases of the stride. To test whether individual cells clustered into in-phase or antiphase activity patterns, we provisionally divided the cells into six discrete categories or 'modulation classes' based on the relative phase between the peak of activity and peak position of the ipsilateral hind paw: *Class I*, in phase, with activity increasing in the stance and decreasing in the swing; *Class II*, anti-phase, with activity decreasing in the stance and increasing in the swing; *Class III,* formally defined as activity leading the step cycle by 90°, but experimentally evident as activity first rising and then falling in stance; *Class IV*, formally defined as lagging the step cycle by 90°, but experimentally evident as first falling and then rising in stance; *Class V*, two peaks at ± 90° from the lift, rising then falling in both stance and swing, and *Class VI*, two troughs at ± 90° from the lift, falling then rising in both stance and swing. Sample data from cells in each category are illustrated in [Figure 4A](#fig4){ref-type="fig"} (Pkj) and [Figure 4B](#fig4){ref-type="fig"} (CbN). A subset of unclassifiable cells was grouped together in *Class VII*.

![Multiple categories of stride-related firing rate modulation in Purkinje and CbN cells.\
(**A, B**) Instantaneous firing rates (*red, IFR*) and paw position (*blue, paw*) during normalized strides for six different Purkinje cells (**A,** Classes I-VI, N = 101, 208, 108, 77, 75, 118 strides) and CbN cells (**B,** Classes I-VI, N = 102, 67, 107, 95, 295, 54 strides). *Insets*, schematics of modulation pattern in each class. (**C**) Distribution of cells in each of the six classes. (**D**) Modulation indices sorted by class. *Triangles*, Purkinje; *circles*, CbN; *Open symbols,* individual cells, *filled symbols*, means; *uncl.*, unclassified.](elife-29546-fig4){#fig4}

Neurons in each of the six categories were found in the population of both Purkinje and CbN cells ([Figure 4C](#fig4){ref-type="fig"}). Although certain patterns of activity occurred more frequently than others, for the task of well-learned, unperturbed, voluntary locomotion, there was no obvious prevalence of either in-phase relationships (i.e., similar class occupancy) or anti-phase relationships (i.e., occupancy of classes I and II, III and IV, or V and VI) for Purkinje and CbN cells. Instead, both in-phase and anti-phase categories were present. For instance, Class III was highly represented in both cell types (Pkj, 34%, CbN, 21%). In contrast, Class I was highly represented only in CbN cells (31%) with a correspondingly higher number of the anti-phase Class II Purkinje cells (17%) than in-phase Class I Purkinje cells (6%). Cells with distinct phase relationships could be located near one another; in cases in which two cells were recorded on the same penetration, different modulation categories were present in 5 of 6 Purkinje cell pairs and 3 of 5 CbN cell pairs. Additionally, the depth of stride-related modulation was comparable in most classes, for both Purkinje and CbN cells ([Figure 4D](#fig4){ref-type="fig"}). Together these data suggest that, although individual neuronal responses are distinct, the activity patterns across cells form a continuum such that a subset of Purkinje and CbN cells elevate their activity at each phase of the stride.

Alterations of gait induced by optogenetic activation of Purkinje cells {#s2-4}
-----------------------------------------------------------------------

Next, we tested how perturbing CbN cell activity influenced voluntary, well-practiced locomotion. Changes in strides were monitored while ChR2-expressing Purkinje cells were optogenetically stimulated with either steps or trains of light. The choice of light patterns was informed by previous work demonstrating that CbN cells in brain slices or anesthetized mice respond differentially to inhibition from Purkinje cells activated synchronously as opposed to asynchronously ([@bib57]). We reasoned that, if the degree of coherence of inhibitory inputs to CbN cells is a relevant variable in vivo, then differences in motor behavior might be evident when Purkinje cells are artificially stimulated to fire relatively more synchronously as compared to asynchronously. We predicted that light steps would increase firing rates of stimulated Purkinje cells, but with no systematic temporal correlation across cells, while trains would elicit spikes more or less simultaneously in the subset of illuminated cells. It is worth noting at the outset, however, that additional variables besides stimulus pattern might influence the experiments. For example, Purkinje cells that received optogenetic stimulation would also be subject to natural synaptic input, and CbN cells would in turn receive inhibition resulting from the summed synaptic and optogenetic drive to Purkinje cells as well as natural synaptic excitation. Since it was not possible to determine the effects of stimulation in advance, we tested a range of stimuli and interpreted the data in the context of these uncertainties.

Experiments were done on the same Purkinje and CbN cells characterized above. Once data from a neuron had been collected during voluntary rest or running, light was applied through an optical fiber included in the patch pipette. Each trial consisted of either a 1 s step or a 1 s train of illumination, with 3--10 trials per condition. Light stimuli were applied whether the mouse was running or stationary. The primary observation was that alterations of gait could be induced on a fraction of trials by optogenetic stimulation of Purkinje cells (by either steps or trains), whereas on other trials running was unimpeded.

Before analyzing the effects of steps and trains, we first examined the light-induced changes in strides. In trials with unimpeded locomotion, mice occasionally ran more rapidly. As long as strides remained regular, however, these were classified as 'non-slip' trials ([Figure 5A](#fig5){ref-type="fig"}). We quantified the attributes of these strides by automated stride detection (Materials and methods) that measured the plant-to-plant duration, the slope of the stance phase, and the slope of the swing phase of (1) the stride just before the light and (2) the stride during the light stimulus that differed most greatly from the pre-stimulus stride. A slope increase indicates a faster movement of the paw, that is, a more rapid gait. In 122 non-slip trials identified during recordings from CbN cells, the stride before *vs.* during the light had a duration of 288 ± 1 ms *vs.* 290 ± 3 ms (p=0.95, *paired t-test*), a swing slope of 8.0 ± 0.2 *vs*. 8.4 ± 0.2 AU/s (p=0.14, *paired t-test*, where 1 AU is the full forward-to-backward range of the paw, Materials and methods), and a stance slope of 5.4 ± 0.2 *vs*. 5.9 ± 0.2 AU/s (p=0.003, *paired t-test,* [Figure 5---figure supplement 1](#fig5s1){ref-type="fig"}).

![Effects of optogenetic stimulation of Purkinje cells on locomotion.\
(**A-D**) Sample recordings from a Purkinje (*left*) and CbN cell (*right*), with paw position, instantaneous firing rate, and stimulus pattern, for non-slip trials (**A**) and slip trials, including prolonged strides (**B**), incomplete strides (**C**), and arrested strides (**D**). *Blue shading*, light stimulation. *Arrows* in (**C**) indicate the time of the slip.](elife-29546-fig5){#fig5}

In contrast, in other trials, strides were more substantially perturbed. These trials were classified as 'slip' trials, although this term does not imply a literal sliding motion but a deviation from regularity. All slip trials contained at least one stride that deviated by ≥20% from the last full stride preceding the light in at least one of the following ways: an increase in duration (a *prolonged* stride, [Figure 5B](#fig5){ref-type="fig"}), a decrease in duration (an *incomplete* stride, [Figure 5C](#fig5){ref-type="fig"}), or a decrease in either swing slope or stance slope (an *arrested* stride, [Figure 5D](#fig5){ref-type="fig"}). Of the 368 slips automatically identified with these criteria, 295 trials (80%) exhibited more than one of these attributes (an *altered* stride). The parameters of all slips are shown in [Figure 5---figure supplement 1](#fig5s1){ref-type="fig"}. In the 293 trials with prolonged strides, durations more than doubled, increasing by 128 ± 7% (from 244 ± 6 to 522 ± 16 ms, p\<0.001, *paired t-test*). In the 97 trials with incomplete strides, durations dropped by 40 ± 2% (from 491 ± 44 ms to 233 ± 13 ms, p\<0.001, *paired t-test*). In the 313 trials with arrested strides, the paw transiently stopped its usual 'sawtooth' movement, and the swing slope fell by 60 ± 2% (from 8.3 ± 0.2 to 3.2 ± 0.2 AU/s, 173 trials, p\<0.001, *paired t-test*) and/or the stance slope fell by 50 ± 1% (from 5.5 ± 0.1 to 2.7 ± 0.1 AU/s, 232 trials, p\<0.001*, paired t-test*); 92/313 arrested strides had reductions in both stance and swing slopes.

Comparable measurements were made for 323 non-slips and 432 slips evoked while recordings were made from Purkinje cells. Although the optical fiber was in a different position relative to the CbN cell recordings, the effects on locomotion were similar; for non-slips, the stride duration was unchanged (from 310 ± 11 to 322 ± 19 ms, p=0.6, *paired*) although running again tended to accelerate (swing slope, from 7.9 to 8.6 AU/s, p\<0.001 *paired*; stance slope from 5.2 ± 0.1 to 5.4 ± 0.1 AU/s, p=0.15, *paired*). For prolonged strides, stride duration increased by 133 ± 9% (N = 315, p\<0.001, *paired*); for incomplete strides, stride duration decreased by 40 ± 2% (N = 145, p\<0.001, *paired*); for arrested strides, swing slope decreased by 57 ± 2% (N = 263, p\<0.001, *paired*) and stance slope decreased by 52 ± 1% (N = 215, p\<0.001, *paired*; 368 total arrested strides; 110 with both swing and stance slope reduced). Of the 432 slips, 337 trials (78%) had changes in more than one parameter and were therefore described as altered strides.

In the 315 trials in which a clear onset of the slip could be unambiguously detected, the latency to slip was \~ 120 ms, regardless of the pattern of optogenetic stimulation or the phase of the stride (steps: 120 ± 17 ms, N = 125 trials; trains 117 ± 13 ms N = 190 trials). Along with (tracked) hindlimb deviations during slips, however, irregular movements of the (untracked) forelimb and trunk were sometimes also noted, consistent with cerebellar control of whole-body coordination, in which movements of different body regions are correlated but can be phase-shifted ([@bib37]). Because the hindlimb did not necessarily initiate slips, the latency of \~ 120 ms places an upper bound on the lag between light onset and the first errant movement.

Control experiments demonstrated that slips of any kind during locomotion were rare when light stimuli were applied to two *Pcp2*-cre mice not expressing ChR2. Without ChR2, slips occurred on 1.3% of trials for 1.7 mW steps (1/77 trials), as compared to 93.9% for the same intensity in ChR2 expressing mice (31/33 trials, analyzed in detail below). These data indicate that slips are not visual responses to light and instead support the idea that most slips can be ascribed with confidence to the optical stimulation of Purkinje cells with ChR2.

As mentioned above, for a cell to be included in the study, a light-induced perturbation had to be observed in at least one trial with at least one step or train of any intensity or frequency (Pkj, N = 35, CbN, N = 39). In all cells, as many stimulus conditions as possible were tested. Because mice were running voluntarily, however, occasionally they would stop before or during a stimulation without resuming running afterward. These trials were excluded from the analyses, and consequently not every condition is represented in every cell. It was also necessary to control the range of the stimuli tested to ensure that slip occurrence was rare; if slips were evoked too frequently, mice tended to stop running. Therefore, if the same stimulus repeatedly evoked slips, further replications were not carried out. This constraint limited the number of slip-inducing trials that could be obtained, especially with highly effective stimuli. Often, however, slip and non-slip trials were evoked with the same stimulus condition. In these cases, slips did not cluster to the beginning or end of the series, consistent with the desired result of maintaining the stimuli near a threshold for evoking slips. The threshold nature of the response is also consistent with previous demonstrations that correlated Purkinje cell activity can vary from stride to stride ([@bib63]); the light-evoked depolarization may therefore superimpose differently upon naturally occurring synaptic input on different trials. The observation that mice often continued running through the light stimulus also suggests that the array of stimuli led to spike rates that were within the natural range, rather than consistently pushing cerebellar output to an extreme of rapid firing or silencing. Subsequent analyses examined the relationship between light stimuli, neuronal activity, and behavior.

Effects of optogenetic step and train stimuli on Purkinje and CbN cell firing {#s2-5}
-----------------------------------------------------------------------------

We first examined how the firing rates of Purkinje and CbN cells were changed by the different patterns of optogenetic stimulation. The firing rates of recorded neurons were measured during several levels of illumination (0.56, 0.65, 0.87, 1.7, and 2.6 mW); for both Purkinje and CbN cells, responses at the lowest two levels were indistinguishable, and the data were pooled. Consistent with ChR2-mediated depolarizing drive to Purkinje cells, light steps elevated Purkinje firing rates and reduced CbN firing rates throughout the 1 s stimulus. Example traces of spikes and instantaneous firing rate plots for onset of stimulation are shown in [Figure 6A and B](#fig6){ref-type="fig"} (*top panels*), along with the changes in rate over the full 1 s plotted for each cell as PSTHs (50 ms bins, *bottom panels*). Averaging the PSTHs across all 35 Purkinje cells showed that the elevation in firing rate increased with stimulus strength ([Figure 6C](#fig6){ref-type="fig"}). The time course of the effect was similar across all stimulus levels. The mean response of all trials in all Purkinje cells showed an initial transient increase in firing rate that decayed slightly at the highest strengths to a plateau that remained above the pre-stimulus 'baseline' firing rate for the duration of the step ([Figure 6C](#fig6){ref-type="fig"}). Likewise, the mean response averaged across all trials in all 39 CbN cells showed that firing was strongly suppressed in the first \~100 ms, followed by a transient restoration of firing, but rates remained below baseline for the remainder of the step ([Figure 6D](#fig6){ref-type="fig"}). Overall, the stimuli evoked firing rates that covered a wide portion of the dynamic range above baseline for Purkinje cells and below baseline for CbN cells ([Figure 6E](#fig6){ref-type="fig"}). CbN cell firing rate was often elevated after the offset of light steps (rate for 200 ms before *vs.* after stimulation, 89 ± 2.2 spikes/s *vs.* 106 ± 4.5 spikes/s, N = 161 trials p\<0.001, *Wilcoxon signed-rank paired test*), consistent with previous studies in which Purkinje cell firing was optogenetically activated ([@bib33]; [@bib74]).

![Effects of light steps on Purkinje and CbN cell firing.\
(**A, B**) *Top,* Sample traces from a Purkinje (**A**) and CbN cell (**B**) in response to the first 400 ms of a light step (*blue shading*). Instantaneous firing rate (*red, IFR*). *Bottom,* PSTH of the examples in (**A, B**) for the full 1 s of stimulation. Light onset, 0 ms. *Bin width*, 50 ms; *blue line*, light duration, *dotted line*, mean pre-stimulus firing rate for that trial (1 s). (**C, D** Mean PSTHs across all trials for all step intensities for all 35 Purkinje (**C**) and all 39 CbN cells (**D**) *Bin width*, 50 ms; *pre,* pre-stimulus rates; *dotted line*, mean pre-stimulus rates in all conditions. (**E**) Mean firing rates over the 1 s stimulus for all cells at each stimulus strength.](elife-29546-fig6){#fig6}

The effects of light trains (50-, 100-, 150-, and 200 Hz 1 ms pulses at 1.7 or 2.6 mW) were distinct from those evoked by steps. As shown for a 100 Hz train, Purkinje cell action potentials were often time-locked to each light pulse, and CbN cell spikes tended to occur between light pulses ([Figure 7A, 7BFigure 7A and B](#fig7){ref-type="fig"}, *top panels*). The precision of response timing throughout the 1 s stimulation was examined by plotting spike times as PSTHs (1 ms bins) relative to the onset of each pulse in the train. The illustrated Purkinje cell showed a well-timed threefold increase in spike probability, and the CbN cell showed a well-timed drop to 0 spike probability. This temporal structure was consistent throughout the 1 s train, as shown by grouping all light pulses for the early, middle, and late phases of the stimulation window ([Figure 7A, 7B](#fig7){ref-type="fig"}, *bottom panels*). Averaging the PSTHs across all 35 cells and all trials showed that Purkinje spike probability peaked 2--3 ms after stimulus onset, dropping back to near pre-stimulus values by 4 ms ([Figure 7C](#fig7){ref-type="fig"}). At higher frequencies, the mean elevation of spike probability from pre-stimulus values was lower, consistent with the relatively slow ChR2 currents not evoking a spike after every light pulse, but Purkinje cell spikes continued to time lock (p\<0.001 at each frequency, *Rayleigh test*). This time-locked pattern of response was consistent across all Purkinje cells. Since the optical stimulation was not limited to a single neuron, the light trains likely had the desired effect of increasing the degree of synchrony of Purkinje cells. In contrast to the response to trains, when the responses to steps were binned at 1 ms, the spike probability remained elevated across all bins, throughout the step ([Figure 7C](#fig7){ref-type="fig"}, *grey*).

![Effects of light trains on Purkinje and CbN cell firing.\
(**A, B**) *Top,* Sample traces from a Purkinje (**A**) and CbN cell (**B**) in response to the first 400 ms of a 100 Hz light train (*blue shading*). Instantaneous firing rate (*red, IFR*). *Bottom,* Mean PSTH across cycles for the early (1-33), middle (34-67) and late (68-100) pulses in the train, showing resetting of spike times. *Bin width*, 1 ms; inter-pulse interval, 10 ms; *pre*, mean spike probability per 1 ms over a 1 s pre-stimulus epoch. (**C, D**) Mean PSTHs across all 35 Purkinje and 39 CbN cells for all train frequencies for *early* and *late* cycles analyzed as in (**A**) and (**B**). *Far right, inset*, PSTH traces from the early group at different frequencies are offset for clarity (scale = 0.1 change in spike probability). *Grey open circles*, PSTH of responses to light step (0.87 mW) from [Figure 6](#fig5){ref-type="fig"}, binned at 1 ms and overlaid for comparison; *dotted grey line*, mean pre-stimulus firing rates for all train conditions. (**E**) Mean firing rates over the 1 s stimulus for all cells at each frequency.](elife-29546-fig7){#fig7}

CbN cell spikes also time-locked to the stimulus at all frequencies, briefly dropping their firing rates during the window between 2 and 6 ms after light pulse onset ([Figure 7D](#fig7){ref-type="fig"}, p\<0.001 at each frequency, *Rayleigh test)*. As in Purkinje cells, spike probability deviated less from pre-stimulus values at higher frequencies, but the resetting of spike times remained evident. Since each CbN cell receives convergent input from 30 to 50 Purkinje cells (e.g., [@bib57]), the consistent gaps in firing indicate that a measurable proportion of converging Purkinje cells must have provided coherent inhibition at regular intervals that matched the stimulus train frequency. The observation that similar response patterns were present across all 39 cells, for all trials, at each train frequency made it reasonable to conclude that the trains led to multiple Purkinje cells firing action potentials in the same 2--3 ms time window, and therefore that they increased the synchrony of Purkinje cell firing. For CbN cells, like for Purkinje cells, superimposing the responses to steps plotted in 1 ms bins confirmed that the temporal structure of spiking imposed by trains was distinct from the lack of structure imposed by steps. Specifically, after the first 10 ms, the spike probability fell below \~0.05 per 1 ms bin throughout the stimulation, consistent with steps generating asynchronous Purkinje cell firing. Trains had a smaller effect on firing rates than did steps. As train frequencies increased from 50 to 200 Hz, Purkinje cell firing rates increased from about 110 to 160 spikes/s, whereas rates of CbN cells remained at about 60--70 spikes/s at all train frequencies ([Figure 7E](#fig7){ref-type="fig"}).

Because the optical fiber was inside the recording pipette, however, the fiber was necessarily in different locations during the recordings from Purkinje and CbN cells. To obtain a measure of Purkinje cell activity with light stimulation applied in the locations associated with CbN recordings, we broke the tip of the electrode to be \~15 µm diameter, positioned the fiber at the depths that it reached during CbN cell recordings, and recorded local field potentials from Purkinje cells. This method had the added advantage of permitting simultaneous recordings from cells activated by the light stimulation, providing a direct investigation rather than just the inference of synchrony. Recordings were made in anesthetized mice to facilitate data acquisition, since testing whether high-frequency stimulation of ChR2 elicited well-timed Purkinje spikes simultaneously in multiple cells did not require awake animals. Light steps led to a brief period of coherent high-frequency firing that lasted \~50 ms; for the next \~950 ms, evidence of synchronous firing was not detectable ([Figure 7 Supplement 1AFigure 7---figure supplement 1A](#fig7s1){ref-type="fig"}). In contrast to the responses to steps, light trains led to coherent spiking at frequencies that matched the train and that lasted throughout the 1 s stimulus ([Figure 7---figure supplement 1B--E](#fig7s1){ref-type="fig"}). Consistent with the change in spike rates seen in the PSTHs from CbN cells in awake mice, the amplitude of the signal was highest for 50 Hz trains, illustrating that Purkinje cells followed the stimulus most effectively at the lowest frequency tested. Even with high-frequency trains, however, FFTs of the local field potentials in both mice showed peaks at the stimulation frequency and harmonics for all trains, verifying that some Purkinje cells fired synchronously on each cycle of the stimulus across the range of frequencies tested ([Figure 7---figure supplement 1F](#fig7s1){ref-type="fig"}).

Thus, the consistent time-locking of Purkinje and CbN cell firing to trains, as well as the local field potentials, confirmed that light trains could be used to restructure the temporal pattern of firing of stimulated Purkinje cells in a way that would (1) differ from firing patterns induced by steps, and (2) favor coherent firing by Purkinje cells, that is, increase the degree of synchrony of spikes. It is worth noting that the resetting of spike times in the CbN cells occurred on a time scale of 5--20 ms, a much shorter period than the duration of a stride.

Relation between firing rates and stride cycle during optogenetic stimulation {#s2-6}
-----------------------------------------------------------------------------

Before the recorded CbN cell activity could be related to normal and perturbed locomotion, it was necessary to test the extent to which activity of an individual CbN cell could be correlated with movement, since the firing by a single cell could not be assumed to give an accurate readout of behavior. Therefore, we first pooled results from steps and trains and compared neuronal activity during *non-slip* trials during stimulation ('light on') to control strides when no stimulation was applied ('no light'). The same analysis, that isi.e., binning and averaging instantaneous firing rates across all strides, was applied to light-on and no light conditions. As shown for a CbN cell ([Figure 8A](#fig8){ref-type="fig"}), even though light changed the firing rates during non-slip trials, the spike rates rose and fell at the same phase of the stride as for control strides. The binned firing rates during the stride for the light-on and no-light conditions were plotted, as shown for a Purkinje and a CbN cell ([Figure 8B and C](#fig8){ref-type="fig"}, *left*), and the correlation between light-on and no-light binned firing rates was calculated by linear regression ([Figure 8B and C](#fig8){ref-type="fig"}, *right*). On non-slip trials, most Purkinje and CbN neurons had high positive correlations between the light-on and no-light conditions ([Figure 8D](#fig8){ref-type="fig"}), with ≥ 70% exceeding r = 0.4 (Purkinje cells, N = 21/30; CbN cells, N = 15/20). Thus, despite changes in mean firing rate across the duration of each stride, on non-slip trials, the phase relation between the firing rate of individual cells and the step cycle was relatively unperturbed. In other words, normal stride-related modulation was preserved on non-slip trials.

![Correlation between firing rate modulation of individual neurons and slip/non-slip trials.\
(**A**) Comparison of CbN cell activity (*black*), paw position (*blue*), and instantaneous firing rate (*red*) without light (*top*, 'no light') and during light stimulation (*bottom*, 'light on') in non-slip trials. (**B, C**) *Left,* Instantaneous firing rate (IFR) and paw position during normalized strides for a Purkinje (**B**) and a CbN cell (**C**) for non-slip trials. *Right*, Binned IFRs from left panels for 'light on' *vs.* 'no light' conditions; *r,* correlation coefficient; *dotted line*, unity. (**D**) Histogram of correlation coefficients measured as in (**B**), (**C**) for all Purkinje (*left*) and CbN (*right*) cells. (**E**) As in (**A**) for two slip trials. Note differences in time base between 'no light' and 'light on' pairs. (**F, G**) As in (**C**), for slip trials for the illustrated CbN cells. *Insets,* overlay of paw traces during the pre-stimulus (*grey*, \'no light\') stride template and the slip epoch (*blue*, \'light on\'). (**H**) As in (**D**), for all slip trials. (**I**). As in (**C**) for prolonged stride aligned to the lift of a control stride (\'no light\'), for the same slip trial as shown in (**G**). (**J**) *Left.* Polar plots from (**I**) of control and prolonged lift-aligned stride. 0 indicates bin with maximal firing rate in control stride. *Right.* Mean of all prolonged lift-aligned stride trials, showing the peak response is near 0, which is the bin with the peak firing rate in control (\'no light\').](elife-29546-fig8){#fig8}

Next, we compared spiking during *slip* trials between light-on and no-light conditions, with a goal of testing the extent to which changes in stride-related modulation of firing in individual cells and slips were mutually predictive. Sample traces are shown for different CbN cells during an arrested stride and a prolonged stride ([Figure 8E](#fig8){ref-type="fig"}). Because each slip was distinct, these analyses were done on a trial-by-trial basis. Also, since by definition strides were disrupted during slips, firing rates could not be binned against a clearly defined concurrent stride. We reasoned, however, that if the slip and the activity of the recorded neuron were independent, then the pre-stimulus firing rate modulation should persist throughout the stimulation. We therefore tested whether firing rates during slips continued to be modulated as they were during unperturbed locomotion, by binning firing rates during the slip against a template stride just preceding light onset (Materials and methods). The binned firing rates for the light-on and no-light conditions were plotted, as illustrated for the arrested and prolonged stride (, *left*), and correlations were calculated ([Figure 8F, 8GFigure 8F and G](#fig8){ref-type="fig"}, *right*). Unlike for non-slip trials, a low proportion of perturbed strides showed correlations ≥0.4 (Purkinje cells, N = 69/340, 20% trials; CbN cells, N = 60/286, 21% trials, [Figure 8H](#fig8){ref-type="fig"}, *open bars*), indicating that disruption of firing rate modulation of individual cells and disruption of strides were tightly associated.

The prolonged strides provided a special case for examining this relationship, as inspection of the data suggested that firing rate modulation with respect to the unperturbed stride might be maintained but extended to match the lengthened stride. Therefore, prolonged strides were aligned to the lift and binned, and the correlation between light-on and no-light conditions was examined ([Figure 8I](#fig8){ref-type="fig"}). To quantify this effect across trials, the binned no-light and light-on firing rates were plotted on polar coordinates ([Figure 8J](#fig8){ref-type="fig"}, *left*), with 0° indicating the bin with the peak firing rate for the control stride ('no light'). The distribution for all prolonged strides is shown in [Figure 8J](#fig8){ref-type="fig"} (*right*). The skew toward the right half of the plot suggests that the maximal firing rates were achieved in the same phase (stance or swing) of the prolonged and control strides (Pkj, N = 277, p=0.002; CbN, N = 246, p=0.002, *Rayleigh test*). Together, the data suggest that modulation of firing rates individual Purkinje and CbN cells correlates well with the regularity of the stride cycle: when modulation persists during optogenetic stimulation, strides continue relatively normally, whereas when modulation is disrupted, slips occur. The most plausible explanation for this result seems to be that direct stimulation of Purkinje cells evokes similar responses (of altering or failing to alter modulation) in multiple CbN cells, which together exert an influence over locomotion that is ultimately manifested in hind paw movement. The association between slips and the loss of stride-related modulation in single cells also justifies an analysis of the ability of light steps and trains to disrupt single-cell firing and perturb movements.

With this information in hand, we tested whether CbN cells responded differentially to steps and trains (asynchronous and synchronous inhibition) in a way that could be related to the measured behavior. We first compared the effects of light steps of different strengths on CbN cell firing rates during slip and non-slip trials. The mean firing rate during the 1 s light-on stimulation period was plotted against the firing rate for 1 s just before stimulation on each trial ([Figure 9A--9D](#fig9){ref-type="fig"}, every trial from N = 13, 18, 10, 7 cells). In all trials, since the mouse was running before the light-on period, the value represents the mean rate during one or more strides. As the stimulus strength increased, CbN firing rates were more likely to fall below the pre-stimulus baseline, and a larger number of slip trials were evident. Across all trials, the probability of evoking a slip with a light step was 76% with the weakest stimuli and increased to 94% with the strongest stimuli ([Figure 9E](#fig9){ref-type="fig"}, *black symbols,* χ^2^ (7, N = 155)= 7.1, p=0.07, *chi-square test*). The firing rates of CbN cells on slip trials but not non-slip trials showed a corresponding decrease as the step intensity was raised ([Figure 9E](#fig9){ref-type="fig"}, *green symbols*). Plotting the change in firing rate relative to the pre-stimulus period likewise showed greater firing rate decreases at higher intensities for slip as opposed to non-slip trials ([Figure 9F](#fig9){ref-type="fig"}, *two-way ANOVA* F(3,147) = 3.91, p=0.05, interaction between step intensity and slip/non-slip, p=0.08). Interestingly, almost all trials on which CbN firing rates were suppressed below ≤ 5 spikes/s resulted in slips ([Figure 9A--D](#fig9){ref-type="fig"}). The only exceptions were with the weakest stimulation, which likely recruited the fewest Purkinje cells. The observation that suppressing firing in CbN cells almost invariably correlated with discontinuities of movement ([Figure 9G](#fig9){ref-type="fig"}) suggests that even well-practiced motor behaviors, such as locomotion, relies on signals that can be disrupted by sudden and transient loss of input from CbN cells.

![Sensitivity of smooth locomotion to optogenetic changes in CbN firing rates and patterns.\
(**A-D**) Scatter plots for each light intensity of mean CbN cell firing rates during light steps (1 s) *vs.* pre-stimulus firing rates (1 s) for single trials. *Filled symbols*, slip; *open symbols*, non-slip trials; *black line*, unity; *dashed line*, five spikes/s. (**E**) Slip probability (*black*) and mean CbN cell firing rates (*green*) for slip (*solid symbols*) and non-slip (*open symbols*) trials. *Numbers*, slip/total trials (**F**) Change in CbN cell firing rates compared to pre-stimulus firing rates in slip and non-slip trials *vs.* light step strength. Symbols as in (**E**). (**G**) Slip probability *vs.* binned mean firing rates across all step intensities (bin = 20 spikes/s). (**H--K**) As in (**A--D**) for each light train frequency. (**L**) As in (**E**), for trains. (**M**) As in (**F**), for trains. (**N**) *Left,* Box plot of firing rates for 564 pairs of trials selected for similar mean firing rates during a step and a train of light stimuli applied to the same cell. *Grey symbols*, outliers; *whiskers*, two standard deviations. *Right,* Bar graph of fraction of paired trials in which a slip was evoked only by the step (*dark blue*) or only by the train (*light blue*).](elife-29546-fig9){#fig9}

The same analysis applied to trials with light trains showed a different distribution of CbN cell firing rates before and during stimulation. The mean rates measured over the 1 s stimulus period continued to cluster around or just below the unity line, illustrating that trains were less effective at suppressing CbN cell firing rates, at all frequencies of stimulation ([Figure 9H--K](#fig9){ref-type="fig"}, trials from N = 8, 25, 13, 12 cells). Nevertheless, slip as well as non-slip trials were present, with ≥49% of trials eliciting slips at each frequency. Slip and non-slip trials could not be well distinguished on the basis of firing rate, which remained near 60 spikes/s regardless of train frequencies (except two non-slip trials with 50 Hz trains; [Figure 9L](#fig9){ref-type="fig"}), nor could they be distinguished on the basis of CV of the interspike intervals. For trials with ≥2 interspike intervals during light stimulation, CVs on slip and non-slip trials, respectively, were 0.90 ± 0.02 (N = 201) and 0.93 ± 0.05 (n = 82) for trains and 1.2 ± 0.07 (N = 111) and 1.0 ± 0.17 (N = 18) for steps. Although the CV was lower for trains than for steps (p=0.007, F(1,408) = 7.23, *two-way ANOVA*), the analysis revealed neither an effect of slip/non-slip on CV (p=0.4) nor an interaction between slip/non-slip and step/train (p=0.2). The data are therefore consistent with temporal restructuring of CbN cell spikes (on a millisecond time scale) by trains of synchronous inhibition, but the consequent decrease in CV was not predictive of whether or not a slip occurred.

The probability of train-evoked slips varied inversely with frequency, with 50 Hz stimulation evoking a high slip probability (0.96), and 200 Hz stimulation evoking the lowest slip probability (0.49, [Figure 9L](#fig9){ref-type="fig"}, χ^2^ (7, N = 285)=25.4, p\<0.001, *chi-square test*). The slip probability therefore was not simply a direct consequence of the amount of illumination time as a readout of the magnitude of inhibition. Instead, it may have related to the efficacy of recruiting Purkinje cells to time-lock to the stimulus; both the PSTHs and the local field potentials suggested that the 50 Hz trains favored synchrony of more Purkinje cells. The larger number of Purkinje cells recruited to a perfectly regular, physiologically arbitrary stimulus pattern likely made them more effective at restructuring CbN cell spike timing (on a time scale of milliseconds) in a manner that led to deviation from the normal stride-related modulation pattern, thus favoring slips even without greatly suppressing firing rates.

Indeed, the change in firing rates compared to baseline was similar between slip and non-slip trials at the different train frequencies ([Figure 9M](#fig9){ref-type="fig"}, *two-way ANOVA* F(3,277) = 0.51, p=0.5, interaction between train frequency and slip/non-slip, p=0.09). These data further suggest that factors such as synaptic depression were not the primary determinants of whether a slip occurred; such a scenario predicts that strong inhibitory synaptic depression would cause high firing rates without slips, while less depression would do the opposite. Since the absolute and relative firing rates were similar in slip and non-slip trials and only slightly changed relative to no-light conditions, the simplest interpretation is that the train stimuli altered stride-related modulation on slip-trials in a way that interfered with movement.

In these analyses, firing rates were all averaged across the full 1 s light stimulus. As stated above, however, slips occurred with a lag and did not always persist throughout the stimulus window. Therefore, for the subset of trials in which slip onset and offset could be identified with certainty, the measurements were repeated with the analysis window constrained to the duration of the slip. This analysis of the data gave indistinguishable results ().

Although trains could induce slips, pooling all stimulus conditions showed that they did so with a 15% lower probability than steps (steps, 0.86; trains 0.71, *Fisher's exact test,* p\<0.001); as in the case of steps, however, in the few instances (six trials) when trains brought CbN cell firing rates below five spikes/s, slips always occurred ([Figure 9H--9K](#fig9){ref-type="fig"}). One possibility, therefore, is that the different slip probabilities elicited by steps and trains related simply to their differential effects on rate. To test this possibility, we selected the subset of trials in which a step and train applied to the same cell resulted in similar firing rates (within 10 spikes/s). Pairs of trials with firing rates below 10 spikes/s (which always gave high slip probabilities) were excluded. This analysis yielded 564 pairs of trials, for which the mean firing rate for both steps and trains was 71 ± 1 spike/s ([Figure 9N](#fig9){ref-type="fig"}, *left*, N = 13 cells, 65 distinct step trials, 141 distinct train trials).

Even with comparable firing rates elicited by comparable light intensities, the probability of evoking a slip remained higher for steps than for trains (0.89 vs. 0.72, p\<0.001, *McNemar's test for paired data*). Stated differently, a slip was evoked only by the step in 127 pairs (22.5% of all trials), and only by the train on 31 pairs (5.5% of all trials, [Figure 9N](#fig9){ref-type="fig"}, *right*); on the other trials the response to steps and trains was the same. Since the firing rates were similar in these within-cell pairs, it seems likely that similar numbers of Purkinje cells were activated and that the total inhibition during the paired trials was comparable. Therefore, the higher incidence of non-slip trials during trains suggests that trains interfered less often than did steps with normal stride-related modulation.

Indeed, when the spiking patterns during these rate-matched pairs of trials were compared, the records associated with slips showed an altered stride-related modulation compared to that seen over the time period of a single pre-stimulus stride. In contrast, the records associated with non-slips showed a stride-related modulation comparable to the pre-stimulus control (shown for two rate-matched pairs, [Figure 10A and B](#fig10){ref-type="fig"}, *left* and *middle*). These changes were evident when firing rate was plotted against paw position for the no-light and light-on conditions, regardless of whether a step or a train generated the slip ([Figure 10A, 10B](#fig10){ref-type="fig"}, *right*). We therefore reexamined the data of [Figure 8E](#fig8){ref-type="fig"}, that is, the correlation of firing rates during and before light stimulation for *all* slips associated with non-zero CbN cell firing rates, and separated the responses of steps and trains (). Again, steps gave a larger fraction of slips (83/102 trials, 81%) than did trains (203/306 trials, 66%). Thus, experimentally applied asynchronous Purkinje cell inhibition was relatively more effective than synchronous inhibition at disrupting the stride-related modulation of CbN spikes in a manner that induces irregularities of locomotion.

![Loss of stride-related firing rate modulation during slips evoked by steps or trains.\
(**A**) *Left,* Rate matched trials from a single CbN cell in which a step led to a slip (*top*) and a train led to a non-slip (*bottom*). *Middle,* Overlaid paw records from the pre-stimulation and stimulation period (*upper plots*) and binned instantaneous firing rates (10 bins) during the pre-stimulus stride and during the stimulation over an equivalent period (*lower plots*) for the trials at left. *Right,* firing rate *vs.* paw position for the trials at left. (**B**) As in (**A**) for a different CbN cell in which both the step and train led to a slip. (**C**) Data from [Figure 8H](#fig8){ref-type="fig"} showing the correlation between the firing rate during the pre-stimulus stride and during the stimulus on slip trials, separated by steps and trains, and normalized to the total number of step trials (122) or train trials (286). (**D**) Cumulative histograms for the percentage of trials with a given correlation coefficient, for slip trials only. The maximal value of each histogram corresponds to the percentage of slip trials resulting from steps (81%) or trains (63%).](elife-29546-fig10){#fig10}

Discussion {#s3}
==========

These results provide evidence that smooth execution of well-trained, voluntary locomotion in mice is sensitive to the cyclic modulation of CbN cell firing rates associated with the stride cycle. Not only did silencing CbN cells via optogenetic activation of Purkinje cells reliably disrupt ongoing movement, but perturbing the modulation of CbN cells was also associated with irregularities in the step cycle, even when CbN cell firing was not fully suppressed by experimentally increased inhibition. Conversely, maintenance of the modulation pattern correlated well with continued walking, even when CbN firing rates were experimentally reduced. In addition, the results suggest that cerebellar output is sensitive to the degree of coherence of Purkinje cell firing, since CbN cells responded differentially to experimentally applied asynchronous or synchronous inhibition superimposed on natural activity patterns. Light steps, which increased Purkinje spike rates without consistently re-patterning spike timing on a millisecond time scale, slowed CbN cell firing and reliably elicited slips. Light trains, which increased Purkinje spike rates to a lesser extent but consistently increased the synchrony of convergent inhibition, generated slips on \>50% of trials, suggesting that a resetting of the timing of inhibition could be sufficient to disrupt cerebellar output and the associated behavior. Nevertheless, relative to steps, trains were more frequently associated with non-slip trials. Since non-slip trials were associated with stride-related firing rate modulation, trains appear more permissive of continued modulation, which probably arises from direct mossy fiber excitation of CbN cells. Together, the data are consistent with the idea that simple spike synchrony can create synchronous gaps in inhibition on the millisecond time scale, during which (modulated) excitation from mossy fibers can more effectively elicit (modulated) firing in CbN cells.

Cerebellar output and the persistence of well-trained movements {#s3-1}
---------------------------------------------------------------

Cerebellar lesions and alterations of cerebellar physiology give rise to ataxia ([@bib40]; [@bib52]; [@bib78]), and specifically reducing CbN cell output interferes with natural, ongoing behavior ([@bib68]). For instance, after portions of the cerebellar nuclei are inactivated with muscimol reaching and grasping movements in primates and cats show slowed reaction times, increased reach trajectory length, and general 'clumsiness' ([@bib21]; [@bib43]; [@bib49]), as in the prolonged strides and other slips seen here. Similarly, in mice, silencing CbN cells by optogenetic stimulation of Purkinje cells alters the set point of whiskers without preventing whisking ([@bib60]). Additionally, the sufficiency of elevated CbN cell activity to induce movements in stationary mice has been demonstrated by optogenetically altering firing exclusively of Purkinje cells ([@bib25]; [@bib33]; [@bib74]).

Nevertheless, dissecting how patterns of CbN cell firing relate to movements is complicated by the difficulty in determining to what extent changes in firing rate report sensory feedback and/or actively drive motor output. Passive movements like paw flexion are sufficient to alter both Purkinje and CbN cell firing patterns ([@bib6]; [@bib10]; [@bib11]; [@bib45]), and treadmill-induced locomotion in decerebrate animals produces modulated activity in Purkinje cells and target neurons. Transiently obstructing limb movement during locomotion in decerebrate ferrets or cats elevates simple spike rates for \~100--200 ms in Purkinje cells ([@bib35]; [@bib36]) and abolishes modulation of interpositus cell firing ([@bib65]), but locomotion persists even with loss of cerebellar output ([@bib55]). Such observations have led to the suggestion that such modulation normally seen in cerebellar output neurons represents sensory feedback associated with movement, which may facilitate but may not be necessary for locomotion. Additionally, despite the extensive inhibition of CbN cells by Purkinje cells, changes in gait can be subtle when exclusively Purkinje cell firing is changed (; [@bib34]; [@bib37]; [@bib53]; [@bib72]). Thus, to what extent CbN cell firing patterns and Purkinje-mediated inhibition of CbN cell firing facilitates, produces, or reports movements may vary with the behavior and/or conditions.

The present experiments on voluntary locomotion in intact mice demonstrate that transiently suppressing modulation of CbN cell firing by directly stimulating Purkinje cells is sufficient to disrupt smooth, well-practiced locomotion. Additionally, slips were correlated with the loss of modulation rather than the absolute firing rate, suggesting that CbN cells do not simply provide an excitatory tone to downstream regions. The latency of the disruption (\~120 ms) suggests either an indirect multi-synaptic signaling before the motor response becomes evident in the hind paw record or that the hindlimb slip is secondary to shorter latency disruption in other muscle groups under cerebellar regulation (e.g., [@bib37]). In either case, these data provide evidence that cerebellar output can actively participate in locomotion.

Modulation of Purkinje and CbN cells during ad-lib locomotion {#s3-2}
-------------------------------------------------------------

The repetitive nature of the step cycle makes locomotion a useful behavior for examining the activity of likely-connected Purkinje and CbN cells. Such data isare of interest since CbN cells receive concomitant synaptic excitation from mossy fibers and inhibition from Purkinje cells, which are themselves indirectly excited by mossy fibers via granule cells. Thus, excitation and inhibition may rise and fall together in CbN cells with lags of only two synaptic delays. Here we find that both Purkinje cells and CbN cells showed an elevation of mean firing rates during locomotion relative to rest. Similar firing rate increases in both cell types have been observed in walking cats ([@bib3], [@bib4]) and primates during rapidly alternating arm movements ([@bib70]), raising the question of how inhibition from Purkinje cells interacts with mossy fiber excitation.

Because the goal of the study was to collect data from as many modulated neurons as possible, we recorded from sites restricted enough to ensure that cells showed hindlimb-related activity, but broadly distributed enough to permit random sampling of the population (\~400×400 x 600 µm for CbN cells). This approach revealed a wide range of stride-related modulation patterns in different cells. It remains possible that a topographic organization of phase modulation exists, but the resolution of the present work did not permit any such arrangement to be detected. Nevertheless, a reasonable prediction is that the population activity of Purkinje and CbN cells may reveal whether stride-related firing rate modulation in the two cell groups is inverted, indicating that Purkinje cell inhibition overrides excitation and sets CbN firing rates, or co-modulated, suggesting that mossy fiber excitation dominates. In cats, recordings from cells with forelimb receptive fields showed that population averages of firing rates of Purkinje and CbN cells rose and fell at the same phases of the step cycle ([@bib3]; [@bib4]). The corresponding analysis of the present data with respect to hindlimb movement in mice gave mean peak Purkinje firing rates that were somewhat phase-advanced to that of CbN cells. In neither study, however, did inverse firing patterns predominate. Also, in both studies, firing rates showed one or sometimes two peaks of activity at specific phases of the stride, and the peak firing rates of either Purkinje cells or CbN cells could occur at any phase of the stride. A similar range of stride-related activity patterns of Purkinje cells was reported in a study of freely moving rats, which further demonstrated that the variety of activity patterns across Purkinje cells, and even across strides within a single Purkinje cell, may result from the relation of Purkinje cell firing rates to different aspects of locomotion, including speed, acceleration, pitch, and roll ([@bib63]). Here, the pattern of modulation with respect to the stride across a given Purkinje or CbN cell did not depend strongly on stride duration; one possibility is that the range of values assumed by variables such as pitch and roll was reduced by head fixation.

Responses of CbN cells to the rate and timing of Purkinje-mediated inhibition {#s3-3}
-----------------------------------------------------------------------------

Although the connection patterns between response classes could not be deduced from the present data, Purkinje neurons with different modulation patterns may well converge onto CbN cells. For instance, specific saccadic eye movements in primates may be encoded by convergence of Purkinje cells with different activity patterns ([@bib26]). Thus, several factors may govern the outcome of synaptic interactions among excitatory and inhibitory inputs to CbN cells.

A series of in vitro studies have suggested that the degree of coherent firing, or synchrony, of convergent Purkinje cell inputs may be one such factor. The intrinsic ion channels of CbN cells generate spontaneous action potential firing at 70--100 spikes/s ([@bib48]; [@bib57]; [@bib61]; [@bib66]) even with no synaptic input. CbN cells therefore require active hyperpolarization and/or shunting from Purkinje cells to prevent them from firing. About 30--50 Purkinje cells provide strong synaptic contacts to each CbN cell, but each simple spike evokes unusually brief GABA~A~ receptor-mediated IPSCs in CbN cells, with decay kinetics of 2--2.5 ms ([@bib57]). If converging Purkinje cells fire asynchronously, the inhibitory currents overlap in time and CbN cell firing can be effectively suppressed. Conversely, if Purkinje cells synchronize, brief periods of inhibition are followed by windows of reduced inhibition when CbN cells can fire ([@bib57]; [@bib75]). The degree of synchrony influences the effect of synaptic excitation: lower jitter among Purkinje inputs permits CbN cells to fire more action potentials in response to a fixed amount of excitation. In other words, the efficacy of excitation is raised by the synchrony of inhibition ([@bib75]).

In the present experiments, synchrony could not be measured directly, since it was not possible to identify and record simultaneously from multiple converging Purkinje cells. Nevertheless, all CbN cells showed a consistent spike suppression on repeated cycles of stimulation at fixed latencies with millisecond-level precision, reflecting coherent inhibition that was interpreted as arising from increased synchrony of firing by converging Purkinje cells. Supporting this idea, Purkinje cell spike probability increased reliably with each cycle of the light train, and local field potentials in anesthetized mice demonstrated Purkinje spike-related signals at rates that matched the train stimuli. In contrast, steps did not generate well-timed inhibition of target cells. Although step-evoked local field potentials began with a \~50 ms damped oscillation of \~300 Hz, no corresponding pattern emerged in recordings of CbN cells in awake mice, possibly owing to an anesthetic-induced increased coherence in the local field potential, a lack of convergence of Purkinje cells sampled in the local field recording, or an absence of gaps in inhibition of the target cells. For the remaining 950 ms of stimulation, the millisecond-level timing of CbN cell spikes diverged for steps and trains, and the disruption of locomotion often persisted well into this later stimulus period. Taken together, it seems reasonable to infer that trains increased the synchrony of Purkinje cell firing throughout the stimulus.

These in vitro observations and in vivo analyses provide a context for interpretation of the step and train data in the present study. In many respects, the effects of steps and trains were similar: if light stimulation altered stride-related modulation, then a slip occurred. Purkinje and CbN cell firing rates, however, were reduced to a lesser extent by trains than steps, possibly owing to the shorter illumination times associated with trains and/or the limited responsiveness of ChR2 to high-frequency light pulses. Nevertheless, imposing an arbitrary, regular pattern of relatively synchronous inhibition often restructured CbN cell spike timing (on a millisecond time scale) was enough to interfere with stride-related modulation. With such disruption, the step cycle could be perturbed even without decreasing the mean rate of CbN cell firing, providing evidence that spike patterns of CbN cells on the time scale of a single stride can have behavioral consequences.

Of note, however, are the other trials, in which the natural pattern of stride-related firing modulation persisted. In these trials, the modulated excitation from mossy fibers ([@bib59]) presumably contributed to the persistence of stride-related modulation in CbN cells. In other words, on about half the trials, the naturally occurring excitation successfully overcame synchronous optogenetically applied inhibition. Moreover, when steps and trains elicited the same firing rate in a given cell but different behavioral outcomes, steps were nearly four times more likely than trains were to generate slips, that is, to disrupt the modulation pattern. This observation is consistent with in vitro data demonstrating that excitation was most effective during gaps in inhibition induced by coherent Purkinje cell firing ([@bib75]).

In vivo, synchrony of simple spikes has been repeatedly observed in recordings of neighboring and likely converging Purkinje cells, and the frequency of observation of synchrony reportedly increases during cerebellar behaviors ([@bib7]; [@bib16]; [@bib24]; [@bib38]; [@bib12]; [@bib73]; reviewed by [@bib58]), and tetrode recordings in freely moving rats illustrate correlated activity between stride-modulated Purkinje cells ([@bib63]). The extent to which Purkinje cell synchrony occurs during movements remains unknown, but, given the high firing rates of Purkinje cells and the common inputs they receive from granule cells and inhibitory neurons, it seems highly improbable that inhibitory input to CbN cells will always be maximally asynchronous. An interesting possibility, yet to be tested, is that the degree of synchrony might vary systematically during each stride. Since stride-related firing rate modulation is correlated with smooth locomotion, and since excitation from mossy fibers appears sufficient to generate modulated firing in target cells ([@bib59]), a plausible outcome of naturally occurring synchronous Purkinje cell activity might be to create physiologically appropriate gaps in which mossy fibers might evoke CbN cell spikes more efficiently, providing a relatively more permissive state for smooth execution of natural behaviors.

Materials and methods {#s4}
=====================

  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Reagent type (species)\          Designation                           Source or reference      Identifiers                                         Additional information
  or resource                                                                                                                                         
  -------------------------------- ------------------------------------- ------------------------ --------------------------------------------------- ------------------------
  **strain, strain background**\   B6.Cg-*Gt(ROSA)26Sor^tm27.1(CAG-^*\   Jackson Laboratory       Jackson stock: 012567                               \-
  (*Mus musculu*s)                 *^COP4\*H134R/tdTomato)Hze^*/J                                                                                     

  **strain, strain background**\   B6.129-Tg(Pcp2-cre)2Mpin/J            Jackson Laboratory       Jackson stock: 004146                               \-
  (*Mus musculu*s)                                                                                                                                    

  **recombinant DNA reagent**      AAV9.CBA.Flex.ChR2(H134R)-\           Addgene                  Addgene: 18916                                      \-
                                   mCherry.WPRE.SV40                                                                                                  

  **recombinant DNA reagent**      AAV9.EF1a.DIO.hChR2(H134R)-\          Addgene                  Addgene: 20298                                      \-
                                   eYFP.WPRE.hGH                                                                                                      

  **software, algorithm**          custom paw tracking software          Actimetrics              from Actimetrics\                                   free by contacting\
                                                                                                  [www.actimetrics.com](http://www.actimetrics.com)   company

  **software, algorithm**          irradiance calculator                 Deisseroth Lab\          <https://web.stanford.edu/group/dlab/>              \-
                                                                         Optogenetics Resources                                                       
  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Animals {#s4-1}
-------

All procedures conformed to the NIH guidelines and all protocols were approved by Northwestern University's Institutional Animal Care and Use Committee (Animal Welfare Assurance Number, A3283-01, protocol IS00000242, IMR). Ai27D (B6.Cg-*Gt(ROSA)26Sor^tm27.1(CAG-COP4\*H134R/tdTomato)Hze^*/J, stock 012567) and *Pcp2*-Cre (B6.129-Tg(*Pcp2*-cre)2Mpin/J, stock 004146) Jackson Laboratory, Bar Harbor, ME) mice were crossed to generate offspring heterozygous for channelrhodopsin-2 (hChR2 (H134R)), referred to as ChR2, expression in Purkinje cells. Mice had free access to food and water and were maintained under a reverse day-night cycle (12:12 hr) for at least two weeks before the training phase of experiments began. Home cages included running wheels (Bio-Serv, Flemington, NJ) to provide experience in running. Experiments were performed on adult mice (P45-P70). Initially, both male and female mice underwent training to run on a treadmill while head-fixed (see *Behavior* below); however, while 38/44 males (86%) ran consistently, only 4/13 (31%) females did. Since running was essential to the study, only male mice were used for experiments. The data presented are from 23 adult male mice.

Surgical procedures {#s4-2}
-------------------

Mice underwent surgery for a craniotomy to allow electrode access and for installation of a headplate for head-fixation. They were anesthetized with ketamine (120 mg/kg, intra-peritoneal) and xylazine (3 mg/kg, intra-peritoneal) and mounted in a stereotaxic apparatus (Stoelting Co., Wood Dale, IL). Body temperature was maintained at 37°C with a heating pad (Harvard Apparatus, Holliston, MA) and oxygen was delivered through the nose. Lidocaine (2%, topical) was applied to the skin and buprenorphine SR-LAB (1 mg/kg, subcutaneous, ZooPharm, Windsor, CO) was administered peri-operatively for analgesia. A rectangular metal headplate with a central window ([@bib14]) was attached to the skull with Metabond (Parkell, Inc., Edgewood, NY), just posterior to the bregma. A plastic well was also cemented around the recording site to hold agarose and the ground electrode. A craniotomy was made over the paravermal region of the cerebellum (bregma −6.3 mm, 1.85 mm lateral,\~0.3--0.5 mm diameter). The dura was left intact and covered with Kwik-Sil (WPI, Inc., Sarasota, FL) until the time of recording. Saline solution (0.9% NaCl, 50 ml/kg, subcutaneous) was administered to aid hydration while animals recovered from surgery.

For local field potential recordings only, experiments were done in mice (N = 2) anesthetized with intraperitoneal injection of ketamine (120 mg/kg) and xylazine (3 mg/kg). Mice were held in a stereotaxic apparatus and kept on a warming pad to maintain body temperature at 37°C and oxygen was delivered through the nose. Vital signs were monitored and the animal was re-dosed with 20--50% of the initial dose of ketamine when the toe-pinch reflex began to reappear.

Behavior {#s4-3}
--------

At least one week after surgery, mice began training to run on a cylindrical, freely rotating, non-motorized, 18.6 cm diameter Styrofoam treadmill ([@bib15]; [@bib27]). The setup was located in a darkened room with white noise delivered through speakers to minimize startle from external noises. Head-fixed mice were placed on the treadmill for 30 min, increasing to 2 hr over the course of week. Most male mice (86%) ran regularly on the treadmill by days 7--10. After mice ran consistently for at least 60% of a 2 hr session, recordings were made (see *Electrophysiological Recording* below) during head-fixed running for up to 3 hr per day for 1--2 weeks. During recordings, the ipsilateral hind paw was monitored from the side with a high-speed, infrared video camera (240 fps, Tamron, Commack, NY). The x-position (anterior-posterior) and y-position (dorsal-ventral) of the paw was tracked (240 fps) with a custom-written program (Actimetrics, Wilmette, IL). Image contrast was aided by painting the treadmill black and illuminating the paw with a red flashlight. During running the paw position varied mostly in the x-domain, which was stored for analysis.

Injections and anatomy {#s4-4}
----------------------

To identify Purkinje cells that projected to the CbN cells associated with locomotion, tracers were pressure injected with a picospritzer (150--400 pulses, 6 psi, 5 ms pulse) into the region of the interpositus targeted for recordings (N = 3 mice). In wild-type mice, the retrograde tracer cholera-toxin subunit B conjugated to Alexa Fluor-488 (Invitrogen) was injected, and in *Pcp2*-cre mice, a mixture of viruses (200--500 nL) was applied to express ChR2(H134R) with a fluorescent marker (AAV2/9 conjugated with either mCherry (AAV9.CBA.Flex.ChR2(H134R)-mCherry.WPRE.SV40; Addgene 18916) or eYFP (AAV9.EF1a.DIO.hChR2(H134R)-eYFP.WPRE.hGH; Addgene 20298; U Penn viral vector core). With either technique, labeled Purkinje cells were consistently found lateral to the primary fissure in coronal sections, that isi.e., in the lobulus simplex of the cerebellar cortex, following injections in the central regions of anterior/posterior interpositus nucleus. These regions were therefore targeted for recordings.

Electrophysiological recordings and optical stimulation {#s4-5}
-------------------------------------------------------

Electrophysiological recordings were made from head-fixed, running mice ([@bib22]). Borosilicate micropipettes (4--6 MΩ) were pulled on an P97 Sutter micropipette puller (Novato, CA), heat polished with a microforge MF-900 (Narishige International Inc., East Meadow, NY), and filled with (mM) 125 NaCl, 5 KCl, 10 [d]{.smallcaps}-Glucose, 10 HEPES, 5 CaCl~2~, pH = 7.4, 300 mOsm). A Ag-AgCl ground electrode was placed on the surface of the skull near the craniotomy and held by 2.5% agarose, which also covered the exposed brain surface and stabilized the recording electrode. An optic fiber (240 μm, NA 0.63, Doric Lenses, Québec, Canada) was inserted in the recording pipette through the side port of the electrode holder (Warner instruments, Holliston, MA) to permit simultaneous electrophysiological recordings and optical stimulation ([@bib30]). The end of the fiber was 4--5 mm from the tip of the pipette.

Recordings were made beneath the craniotomy (bregma −6.3 mm, 1.85 mm lateral,\~0.3--0.5 mm diameter) at a depth of up to 1900 µm for Purkinje cells in the lobulus simplex and 1900--2500 µm for CbN cells in the posterior and less commonly the anterior or dorsolateral horn divisions of the interpositus nucleus. Light stimuli (465 nm, 8--53 mW/mm^2^) were generated by an LED coupled to an LED driver (Doric Lenses). Stimuli were calibrated with a photometer (PMD100, S140C, Thorlabs, Inc., Newton, NJ). The maximum measured light intensity at the pipette tip of \~ 40 mW/mm^2^ was estimated to attenuate to \~ 20 mW/mm^2^ about 50 µm from the tip (based on ([@bib76]) <https://web.stanford.edu/group/dlab/>). For this fiber size, this intensity is equivalent to 0.9 mW, which corresponds to the threshold for action potential activation in pyramidal neurons in cortical slices from Ai27 mice ([@bib39]).

Loose-cell attached recordings (R~seal~ \> 10 MΩ) were made in current clamp mode. Electrical signals were acquired at 10 kHz with an Axoclamp-2B or Axopatch-200B amplifier, a Digidata-1550, and pClamp software (Molecular Devices, Sunnyvale, CA). Action potential waveforms were identified by a voltage threshold of the electrical trace following low-pass digital filtering at 1 kHz. In trials from 8 Purkinje cells representing cells with high and low firing rates, slips and non-slips, and steps and trains, complex spikes were identified in 1 s windows around the light stimulation and found to have rates of 1.5 ± 0.4 spikes/s (before), 2.9 ± 0.7 spikes/s (during), and 1.1 ± 0.4 spikes/s (after). An elevation of complex spikes during the stimulation, which was evident in only 3 of 8 cells, is consistent with an experimentally driven increase in inhibition of nucleo-olivary cells and increase of inferior olivary firing. Because it was not possible to disambiguate the direct effect of optically raising Purkinje cell spikes from biological effects, e.g., associated with sensory or motor signals, complex spikes were not examined further. Additionally, when complex spikes were extracted from the record, the total firing rates were reduced by \< 2%. Therefore, both simple and complex spikes were included in all analyses that are presented, but the values are overwhelmingly dominated by simple spikes.

Both in the cerebellar cortex and nuclei, recordings were made from regions where light stimulation evoked altered movement of the ipsilateral hindlimb (described further in *Results*). Each cell was recorded continuously for 10 trials of 7 s each without optical stimulation, followed by several conditions of light steps and light trains. Both steps and trains were applied for 1 s with 2 s recording before ('pre-stim') and after stimulation ('post-stim'). 3--10 trials of each stimulus condition were repeated with a 10 s inter-trial interval. Steps and trains were tested in increasing order of their strength (0.56, 0.65, 0.9, 1.7 and 2.6 mW) or frequencies (50, 100, 150, 200, Hz at 1.7 or 2.6 mW), respectively. Multiple penetrations were made per session. Between sessions, the surface of the brain was sealed with Kwik-Sil (WPI, Inc.).

At the end of the final session, the recording pipette was withdrawn and a glass injection pipette (taper \~3.5 mm, tip 20--25 µm, WPI, Inc.) was inserted at the same stereotaxic coordinates. The recording locations and track were marked by pressure injection (\~1--3 psi) of 1--2.5% Alexa Fluor-488 fluorescent dye conjugated with dextran (10K, anionic, fixable; Life Technologies, Carlsbad, CA). Mice were euthanized with Euthasol (100 mg/kg, intraperitoneal, Virbac, Fort Worth, TX) and transcardially perfused with paraformaldehyde (4% in PBS, ThermoScientific, Skokie, IL). Brains were kept in 4% PFA overnight, then triple-rinsed. Coronal cerebellar sections (100 µm) were cut at 4°C in PBS (0.01 M, Sigma Life Science, St. Louis, MO) on a vibratome (VT1000S, Leica Biosystems, Nussloch, Germany). Sections were imaged on a confocal microscope (Leica Biosystems, TCS SP5, Biological Imaging Facility, Northwestern University) and processed with the Fiji version of ImageJ software ([@bib64]). The injection location was taken as the site of the maximum intensity (laser power and gain held constant for all imaged sections).

For local field potential recordings from Purkinje cells, the pipette tip was broken to give an electrode resistance of 0.8--1 MΩ, which permitted the fiber to be positioned as it was for direct recordings from CbN cells. Each optical stimulation condition was applied ten times. The ten sweeps in each condition were averaged and the signal was bandpass filtered from 50 Hz to 1 kHz. FFTs were done on the resulting sweeps and spectral power density was plotted. The power of the unfiltered residual electrical noise at 60 Hz was blanked for clarity.

Data analyses {#s4-6}
-------------

Data are presented as mean ± SEM except as noted. All analyses including statistical tests were performed in Matlab (Mathworks). For inclusion in the study, Purkinje and CbN cells had to show appropriate firing responses to light (increases for Purkinje and decreases for CbN) that were statistically significant (one-sided paired t-test, p\<0.05), as well a behavioral 'slip' (described in Results) of the ipsilateral hindlimb in any light stimulus condition.

Identification of strides {#s4-7}
-------------------------

For quantification of paw movement, a region of interest (ROI) was set to cover the maximal range of hind paw movements during locomotion. Tracked paw position was normalized to the ROI window and therefore has arbitrary units of magnitude ([Figure 1A](#fig1){ref-type="fig"}, green box). 'Rest' periods, that is, when the mouse was not running, were evident in the paw-tracking record as a minimal change in paw position (\<10% of that during strides). Neuronal activity during rest periods was measured from cells in which the total duration of all the rest epochs (in the absence of light stimulation) exceeded 2 s.

'Run' periods were identified as sawtooth-like sections of the paw-tracking record indicative of the hind paw moving forward and backward as it completed each stride (plant-stance-lift-swing-plant). Occasionally the tracking system would lose the paw, resulting in instantaneously rising transients in the tracking record that resembled brief square pulses. Tracking usually resumed within a few samples, so these transients were viewed as recording noise and were disregarded during analyses. Strides were identified from smoothed paw traces (sliding-average filter, 50 ms duration) as a trough-to-trough cycle. At least 30 strides, each 100--500 ms in duration were required for a cell to be included in the study. All strides were aligned to their peak (the lift). The ratio of the stance phase (trough-to-peak) to the swing phase (peak-to-next-trough) was calculated for each stride. The median value of this ratio for all strides associated with a recording was used to normalize strides by dividing each stride into stance and swing bins, for a total of 10 bins. Specifically, if the stance accounted for 70% of the stride, seven bins would be allotted to the period before the lift and three bins to the period after the lift. The stance phase generally accounted for 60--70% of the whole stride, so 6--7 bins were usually stance bins. In this way, the stance and swing bins would be of comparable (though not identical) durations, and firing rates in stance and swing could be examined separately. Reanalysis of the data with 10 equal bin widths yielded similar results and did not alter classification schemes, confirming that the differences in bin widths were minimal.

Instantaneous firing rates were calculated for each neuron. Mean firing rates during a stride were calculated from averaging the instantaneous firing rates within each bin. Binned firing rates and the binned paw displacement were averaged across all strides for a cell. The depth of modulation was quantified using a modulation index (MI) defined as (FR~max~ - FR~min~)/(FR~max~ + FR~min~), where FR~max~ and FR~min~ are the maximal and minimal binned firing rates during the normalized stride.

Classification of firing rate modulation patterns {#s4-8}
-------------------------------------------------

Binned firing rates of Purkinje and CbN cells relative to paw position during the stride were classified independently by both investigators, as described in *Results*. Relative firing rates rose and fell at consistent phases of the stride for both Purkinje and CbN cells across stride durations, which justified normalizing strides ([@bib3], [@bib4]). Nevertheless, because absolute firing rates could be variable (e.g., [@bib63]), firing rates were plotted against paw velocity (derived from paw position) and analyzed by linear regression in separate analyses. 40% of Purkinje cells (14/35) and 21% of CbN cells (8/39) showed a significant correlation of firing rate and velocity. This relationship was not investigated further, but is encompassed in Class III, IV, V, and VI categorizations.

Analysis of optogenetically induced slips {#s4-9}
-----------------------------------------

Optogenetic stimulation during locomotion could generate disruptions of movement that were evident in the paw-tracking record. Because the treadmill was not motorized, the running speeds of mice were not held constant, giving rise to variability in the duration of strides as well as the rate of paw movement in the stance and swing. Consequently, it was not possible to use a fully automated analysis to identify slips. We therefore used the following approach: The paw record associated with each trial (1 s pre-stim, 1 s light stimulation, 1 s post-stim) was first inspected and classified manually, blind to stimulus condition, to identify potential slip trials. Trials in which running rate changed greatly just before the stimulus or in which running ceased during the light stimulus were discarded. If strides proceeded regularly throughout the 1 s, the trial was categorized as a 'non-slip'. If at any point in the 1 s light stimulus, however, at least one stride showed (1) a greatly lengthened or shortened duration relative to pre-stimulus strides, (2) a strongly reduced slope of the stance or swing phase relative to pre-stimulus strides, or (3) a deviation from a sawtooth pattern, the trial was categorized as a potential 'slip.' These potential slip trials were then evaluated quantitatively. The last complete pre-stimulus (control) stride was detected automatically (as above) and strides during optogenetic stimulation were compared to the control stride. For a trial to remain classified as a slip trial, it had to have at least one stride with either a duration ≥20% longer than control (prolonged stride), a duration ≥20% shorter than control (incomplete stride), or a slope of the stance or swing phase ≥20% lower than control (arrested stride). Several trials fit into more than one of these slip categories (altered strides). Of the 971 putative slip trials, the automated analysis successfully detected a complete stride before and during stimulation on 859 trials; 800 (93%) fulfilled the criteria of at least one category and were confirmed as slips, whereas 59 (7%) did not reach threshold for slips but did not look like non-slips so were discarded. For the other 112 strides, the automated analysis was unsuccessful owing to factors such as a pre-stimulus stride extending for some tens of ms into the stimulus period, or the lack of an identifiable stride at any point during the stimulation. We counted these trials as slips, with an awareness that 7% (\~8 trials) might not have been true slips. For a total of 912 slip trials, the misclassification error for slips would therefore be \<1%. With this approach, although small optogenetically induced alterations of gait may have been ignored and treated as non-slips, slip trials are highly likely to represent real, experimentally generated changes in movement. The analysis therefore errs on the side of incorrect rejections but avoids false positives. In cells included in the study, a light-induced change in gait (including the onset of locomotion from rest) occurred on at least 50% of all trials in at least one stimulus condition.

The activity of each cell with and without optogenetic stimulation was examined with respect to paw movement. For non-slip trials, binned firing rates averaged across all strides during light stimulation were compared with binned firing rates from strides without light stimulation. For slip trials, the last stride before the light stimulus served as a template, and the firing rate of the cell during the slip period was compared to that during the template. Binned firing rates during the template stride were compared to those during the slip epochs using the same histogram bins as the template. For the special case of the 'prolonged stride' slip category, prolonged strides were aligned to the lift and analyzed as for undisrupted strides and binned firing rates between normal and slip strides were directly compared.

Statistical testing {#s4-10}
-------------------

The normality of each data set was assessed by a Shapiro-Wilk test. For normal data, t-tests (paired or unpaired) were performed. For non-normal data, signed-rank (paired) or Wilcoxon rank sum tests (unpaired) were performed. Tests were two-tailed, except when testing for optogenetically induced increases or decreases in firing rates, in which case the tests were one-sided. Rayleigh tests for circular non-uniformity or Kuiper's tests (as noted) were used to test for non-uniform distributions of data, e.g., over a stride cycle or following successive pulses in light trains (toolbox for circular statistics with Matlab, [@bib9]). Pearson's correlation coefficients were used to evaluate the linear correlation between firing rates in two conditions. Two-way ANOVAs were performed to assess the relation among light stimuli, behavioral responses, and changes in firing rates. Fisher's exact tests and χ^2^ tests for independence were used to assess dependence of slip probability on light pattern or light parameters. McNemar's tests for paired nominal data were used to test for slip probability in pairs of trials with matched firing rates. All p-values are reported. In figures, one, two, or three asterisks indicate p\<0.05,\<0.01, or \< 0.001.
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In the interests of transparency, eLife includes the editorial decision letter and accompanying author responses. A lightly edited version of the letter sent to the authors after peer review is shown, indicating the most substantive concerns; minor comments are not usually included.

Thank you for submitting your article \"Control of free and optogenetically perturbed running by spike rate and timing of neurons of the mouse cerebellar nuclei\" for consideration by *eLife*. Your article has been reviewed by three peer reviewers, and the evaluation has been overseen by Gary Westbrook as the Senior Editor. The reviewers have opted to remain anonymous. The reviewers have discussed the reviews with one another and the Senior Editor has drafted this decision to help you prepare a revised submission.

Summary:

All the reviewers thought the topic was very important and that the quality of the work is high. However, there were concerns as to the extent to which the results prove causality between the neural activity and locomotion, as most clearly stated in reviews 2 and 3. Overall there was broad agreement among the reviewers concerning the specific comments raised by all reviewers regarding required changes to analysis and interpretation. Because the reviews include substantial amounts of text, we have included the reviews verbatim rather than try to summarize subtleties. We expect that addressing the comments will require additional analysis and perhaps some additional experiments. A few issues also arose in the discussion that we would like you to address:

1\) Due to the lack of measurement of front paw movement and the previous recordings from other species, the focus of the paper might be best directed to the question of synchronous/asynchronous activity. However, synchrony vs asynchrony with the different optogenetic stimulation paradigms has not been demonstrated, and it needs to be. The authors could address this with LFP recordings from cerebellar cortex during continuous and pulsed stimulation (at different frequencies).

2\) An additional concern is the possibility of direct stimulation of Purkinje cell axon terminals, particularly in the experiments recording from CbN neurons as it appears that the distance between fiber and pipette tip was fixed in the experiments). We recognize that the recordings were done at a max depth of 2.5 mm with the fiber tip 4-5 mm above the pipette tip, thus there would have been a lot of scatter through the 2.5 mm of brain above the DCN. Nonetheless the targets of stimulation (Purkinje cells) were at a systematically different distance between the DCN recordings and Purkinje cell recordings.

*Reviewer \#1:*

The authors made recordings from Purkinje cells (PCs) and neurons in the interpositus deep cerebellar nucleus (CbNs) in locomoting mice. They used optogenetic stimulation of PCs to alter activity in these neurons and their targets in the deep nuclei and attempt to correlate these perturbations in activity with alterations in locomotor behavior. The electrophysiological recordings in this study are of high quality, and the experiments have the potential to describe a causal relationship between cerebellar activity patterns and the execution of ongoing motor programs.

These findings build on previous work showing that PC and CbN firing patterns are periodically modulated with step cycle -- described by Armstrong and colleagues over 30 years ago -- and that cerebellar perturbations of various kinds (with lesions, microstimulation, or optogenetics) can alter ongoing motor programs. The potential novelty of the present study lies in its ability to draw causal relationships between the types of perturbations induced in PC activity (steps vs. trains), and specific alterations in locomotor behavior. In this regard, the authors could dig deeper into their data in order to strengthen the conclusions drawn and enhance the novelty of the findings.

Major comments:

1\) A main piece of analysis that is lacking is a description of any systematic relationship between the timing and types of optogenetic perturbations and the resulting defects in the animals\' gait. Here are a few questions that could be addressed:

\- Does some feature of the underlying activity explain why the optogenetic stimulus is effective at causing \'slips\' on some trials and not others?

\- Is there a particular phase of the step cycle which was more \'vulnerable\' than others to the optogenetic perturbation?

\- Is the stimulation more likely to cause a \'slip\' at certain running speeds than others?

\- Did trains or steps induce greater numbers of different types of slips over the course of single recordings (i.e. the same cell)? In general, it is unclear if trains, steps and different powers were applied over the course of single recordings or whether each cell was only subjected to a subset of stimuli. Comparing across stimuli within cells, when the optogenetic stimulus was constant, would be a useful group of analyses.

\- Is there a systematic relationship between the type of \'slip\' -- prolonged, altered, or incomplete stride -- and any of the abovementioned criteria?

These analyses would substantially improve our understanding of how cerebellar activity can affect ongoing motor programs. Otherwise, this study could be seen as being largely confirmatory, validating a set of previously documented findings with contemporary methods (optogenetics).

2\) It is somewhat worrying that \'slip\' events were detected manually and (apparently) without blinding. It would be good if the authors could develop automated criteria for what they call a \'slip\'. Paw tracking is admittedly a difficult analysis challenge, but formalizing it in order to remove potential bias is important. This is particularly worrying in a few of the examples shown, which seem to contain high frequency events (e.g. the paw trace in 5A, left panel just at the end of the optogenetic step) that look aberrant. Are these errors in the paw tracking itself or actual movements?

3\) The authors should show explicitly that their optogenetic perturbations (light flash + ChR2) induce stride perturbations at higher rates than in baseline (no light flash) and negative control (light flash but no ChR2) conditions. Description of these measurements is mentioned deep in the Materials and methods section, but no data are shown. Adding these comparisons in various places throughout the paper (for example in Figure 8, or as a supplement) would contextualize interpretation, since variability in step-cycle PC firing is related to other behavioural parameters (see Sauerbrei et al., 2015).

4\) Complex spiking in Purkinje cells appears to be completely neglected in this study. The authors should at least attempt to extract complex spikes from their recordings and analyze their response properties during the optogenetic stimulation. Is complex spiking increased during \'slips\' to a greater extent than in non-slip trials? Related to the point above -- does the flashing of the optogenetic stimulus induce complex spiking (this is likely a novel/unexpected sensory stimulus)?

5\) The authors mention in the Materials and methods that a subset of their neurons were modulated by running speed. Was this consistent across individual step cycles? If so, it would be a departure from the findings of Armstrong and colleagues, who showed that firing rates, when normalized to step cycle, were invariant to different speeds of walking on a motorized treadmill. It would be valuable to know if during free running, the depth of modulation varies with speed (consistent with the findings of Sauerbrei et al., 2015).

*Reviewer \#2:*

How the cerebellum contributes to already learned, ongoing movement is an important and much debated question. While most studies have focused on the role of cerebellar circuits in motor learning, the idea that the cerebellum plays a significant role in ongoing movement has only recently become more widely accepted. However, the same modern optogenetic tools that have permitted causal demonstrations that Purkinje cell firing can drive motor output have also suggested an overly simplified relationship between Purkinje cell output, cerebellar nuclear cell (CbN) firing, and movement by implying a strict inverse relationship between Purkinje cell firing and CbN firing. In contrast, in vivo recordings from CbN neurons and Purkinje cells have suggested a more complex relationship between cerebellar output and movement. Here, Sarnaik and Raman seek to address the important question of how the cerebellum contributes to ongoing movement by combining in vivo recordings from both the CbN and cerebellar cortex in combination with optogenetic manipulations designed to test how the firing patterns of neurons in each location are causally related to motor output. By tailoring optogenetic stimulation of Purkinje cells in a manner intended to either promote or reduce population synchrony, in combination with high-speed measurements of hind limb position during locomotion, they conclude that Purkinje cell synchrony is favorable for normal movement, likely by creating widows of excitability for ongoing mossy fiber excitation. If true, this conclusion is significant, and I would be in favor of publication. However, I am skeptical of the central conclusion, as I am not yet convinced that the data supports the claim that enhanced synchrony is favorable for ongoing movement. Moreover, the relationship between movement, CbN spiking and synchrony overall is not fully explored, and paper would benefit greatly from further analysis regarding the relationship between these parameters.

Major comments:

1\) Movement errors may actually be highest when PC synchrony is highest for light pulse trains. Based on Figure 7, it is challenging to interpret the relationship between Chr2 train frequency and PC synchrony. Because PCs were recorded one at a time, it is unclear how light spreads from the stimulation/recording pipette to the surrounding tissue activate nearby PCs. A nearby LFP electrode could have been useful to assess relative population synchrony in absence of distance dependent paired PC recordings. However, from the current measurements, it is clear that peak PC spike probability is inversely proportional to train frequency, strongly suggesting the likelihood of decreased synchrony in the population with increasing stimulation frequency. This hypothesis is consistent with the CbN recordings. Here, the largest suppression (peak transient reduction in spike probability) happens for the lowest stimulation frequency of 50 Hz. This could suggest PC synchrony is highest for the 50 Hz stimulation, because CbN neurons integrate 50-80 PC inputs and suppression should be largest when synchrony is highest. It seems unlikely that the difference in CbN suppression is purely due to short-term depression from PC synapses, because the spike probability in PCs at 100 Hz is nearly half that at 50 Hz, which should normalize for depression between these frequencies. Hence, though the measurements are indirect, both PC and CbN recordings suggest highest PC synchrony at 50 Hz stimulation. Comparing these data with Figure 9, the highest probability of movement error occurs for 50 Hz stimulation. More specifically, in Figure 9L, though mean spike rate is invariant, motor errors decrease dramatically with simulation frequency. In combination with the data shown in Figure 7, these results suggest the possibility that with the same type of stimulation (pulse trains), motor errors occur with higher probability as PC synchrony increases, conflicting with the authors\' current interpretation of the data.

2\) The relationship between movement, movement errors, and CbN spiking is unclear. Figure 8 seems intended to show that locomotion can proceed normally as long as PC and CbN neuron firing maintains the same phase relationship with respect to movement during light stimulation (modulated in the same way, with only a change in spike rates). Conversely, the authors suggest that movement is preferentially disrupted when the relationship between spiking and the step cycle is impaired. However, in panels F and G, the movements being compared are totally different. Hence, I don\'t understand the meaning of the firing rate correlations, which are no longer paired in a meaningful way with respect to movement. How is this different from a random shuffle of movement and spiking prior to correlation measurements? Moreover, if I understand panel I correctly, when prolonged movement traces are corrected by aligning with normal movement, the firing rates then show a similar relationship to movement as for non-slip/control strides. Do these data suggest that the relationship between spiking and movement is actually the same for slip and control trials, and that the only difference lies in the altered kinematics of movement, which is definitionally different for slips? From this analysis it is not clear how disrupted Purkinje cell spiking is causing the slip as opposed to reflective of the change in motor program. The authors should justify why it is reasonable to correlate firing rates across distinct movements, and explain more clearly how this informs the role of CbN spiking in motor output.

3\) How do light steps vs light trains differentially affect the relationship between CbN spiking and movement across the step cycle? Figure 8 implies that disrupting the specific phase relationship between PC/CbN spiking and movement is a central cause for movement errors. Figure 9 shows that light trains are less likely to cause movement errors than light steps for equivalent mean changes in spike rates. The authors suggest that together these observations imply that light steps are more likely to disrupt the spiking/movement phase relationship. This is a central point, but it is not demonstrated. To make sense of how light steps and trains differ in causing movement errors, it is necessary to show how they differentially affect the relationship between spiking and the step cycle. This should also be shown for different light train frequencies as well, as it remains unclear why different frequencies produce differential motor error probabilities despite producing the same net effect on spiking.

4\) It is unclear whether movement errors relate to PC synchrony, or just irregularity in firing. Rodent models of cerebellar ataxia have suggested that mean PC firing rates in ataxic animals are not different from control animals with normal coordinated gait, but instead differ in regularity of firing (as measured by CV). It seems that a major difference between the pulse and train stimuli delivered here might simply be a change in firing regularity instead of a difference in population synchrony, but this is never measured. In particular, Figure 9N shows that for the same mean firing rates, light steps are more likely to produce movement errors than pulse trains. Could this simply be due to differences in firing CV? Analysis of firing regularity across conditions should be considered as an explanation for the effects on movement.

*Reviewer \#3:*

1\) This is a well-written, high quality study investigating how the temporal organization of Purkinje cell activity affects CbN activity and locomotor behavior. Unfortunately, weaknesses in experimental design undermine the main conclusions of the paper. The paper is motivated in two ways -- both as examining the role of Purkinje cells/cerebellar nucleus neurons in locomotion and as examining the physiological relevance of synchronous vs. asynchronous Purkinje cell activation. Most of the conclusions are really about the latter, but the Title and Introduction, as currently written, are overly focused on the former.

2\) The authors use optogenetics, with continuous vs. pulsed illumination, to generate \'asynchronous\' vs. \'synchronous\' responses in Purkinje cells, respectively. But, only single unit responses are shown, and the assumption that continuous stimulation will give asynchronous responses across the Purkinje cells population is not validated. The authors only claim that Purkinje cells spike rates are increased without \'consistently affecting spike timing\' -- but this is across trials, not across neurons. Any Purkinje cell synchronicity that exists in vivo would be largely due to shared inputs, which as the authors acknowledge, are still there in the optogenetics experiments. So even if an individual Purkinje cell fires with different temporal patterns in response to continuous light stimulation on subsequent trials it is still very possible that a set of Purkinje cells will respond synchronously with each other on those same trials. Establishing whether the stimulus conditions used here result in synchronous or asynchrounous activity across Purkinje cells on individual trials -- which is crucial to support the authors\' conclusions -- would likely require recording or imaging across multiple Purkinje cells (or CbN) simultaneously.

3\) A related point: it was interesting that the relative inefficacy of trains of stimuli in changing CbN firing rates or evoking slips was frequency dependent. That made me wonder whether differences in short term plasticity could be responsible. If so, it may not be the synchronous nature of the response to the trains that matters, so much as the fact that it is extremely regular. Would trains with more natural temporal patterns (drawn from a typical distribution of Purkinje cell interspike intervals) be more effective? With the current experimental design, synchronicity and regularity are conflated.

4\) Given these caveats, I have a general worry that the findings about continuous vs. pulsed stimulation may be a consequence of the relatively unnatural case of optogenetic stimulation, rather than telling us anything fundamental about the role of physiological synchrony, which is what the authors want to investigate.

5\) The authors state that \"Since the goal was to track continuity or discontinuity of the stride, rather than to correlate neuronal activity with actions of specific limb muscles, only the hindlimb was monitored.\" For the experiments that aimed to look at synchronous vs. asynchronous activation, this may be OK. However, given 1) that the stance phase for a front paw is (to a first approximation, and depending on walking speed) the swing phase for the ipsilateral hindpaw, and 2) the important role of the cerebellum in interlimb coordination in mice (Machado et al. 2015, Vinueza Veloz et al. 2014), only having measurements of the ipsilateral hindpaw is limiting for any analysis of stride phasing of recorded responses (e.g. all of Figures 3,4). Moreover, given the nature of the treadmill used, if one paw\'s movement is altered by optogenetic stimulation, the treadmill movement will change, and all paws will appear to slip. This could be one reason for the seemingly long (160 ms) latency between stimulation and slips that the authors report. Careful latency comparisons of front vs. hind paw kinematics, or EMG recordings, would be necessary to conclude that any slips (or neural responses) observed were due to changes in the ipsilateral hindpaw (measured) and not secondary consequences of primary direct effects on ipsilateral front paws.

6\) The authors are fairly careful in their wording, to say \'modulated CbN firing is necessary for normal, ongoing locomotion,\' but I am concerned that most readers will read this as \'modulation of CbN firing is necessary...\', which has not been shown. Acute shutdown of spontaneously active neurons cannot reveal whether tonic activity or modulated activity was required. The authors clearly know this, but they should address it explicitly, and may want their main conclusions (Impact statement, Abstract, first line of Discussion) to be less susceptible to confusion on this point.

\[Editors\' note: further revisions were requested prior to acceptance, as described below.\]

Thank you for sending your article entitled \"Control of voluntary and optogenetically perturbed locomotion by spike rate and timing of neurons of the mouse cerebellar nuclei\" for peer review at *eLife*. Your revised article has been evaluated by two of the original peer reviewers, and the evaluation has been overseen by Gary Westbrook as the Senior Editor.

Summary:

The revised manuscript was seen by two reviewers, both of whom have substantial remaining concerns. Under usual circumstances, *eLife* would not consider a manuscript further at this point. However, the reviewers recognize that the raw data are very high quality and the results are interesting, but the interpretation and presentation fall short. The study has evolved its focus to understand how the level of coherence of Purkinje cell inhibition influences the way neurons in the cerebellar nuclei support locomotion. This is an interesting point, but what is missing is direct evidence for a relationship between these phenomena in awake animals.

The reviewers discussed whether the authors could conduct a single experiment, involving simultaneous LFP recording in the cerebellar cortex and optogenetic stimulation of Purkinje cells during locomotion. This experiment would allow for single trial analysis that would relate the presence or absence of behavioral slips to the degree of coherence in the cortical LFP, which if successful could provide support for a direct relationship.

We also suggest that the authors restrict their analyses to the period of time (\<120 ms) preceding the slips rather than the whole 1-second optogenetic stimulations (both steps and trains). The stated claim in the manuscript is that steps produce less synchronous inhibition, and this is true over the whole second stimulation. However, there are very clear oscillations in the anesthetized LFP recordings during the first \~60 ms of the recordings in both conditions, which confuses the claim that optogenetic steps produce a lower degree of synchronous firing than trains (over the time interval relevant for behavior). This is why single trial analysis during behavior is a crucial experiment, and the inherent trial-by-trial variability of spiking may be a useful \'bug\' that can be exploited to provide the necessary support for the authors\' claims.

Before we make a final decision on the manuscript, we would like the authors to address whether they think this approach is something they wish to pursue. If so, please provide an action plan and a time frame for us to consider. The original comments of the reviewers are also included below.

Reviewer \#1:

The authors have added new experiments and analyses to their manuscript, which is now significantly improved. Specifically, they have added some additional analyses as well as LFP recordings from the cerebellar cortex in anaesthetized mice during their optogenetic stimulation protocols.

I have the following comments about the new experiments:

1\) The LFP recordings demonstrate -- when viewed over the whole 1 s stimulation time window -- that there are obvious differences in the coherence of Purkinje cells between step and train stimuli. What is worrying, however, is that in the initial \~60 ms, there is a clear oscillatory response present in their recordings (most probably reflecting synchronous firing). Given that the average latency to a slip is \~120 ms (reduced from 160 ms in the initial manuscript), this could be an important time frame for consideration, especially if the hindlimbs are \'followers\' of a forelimb slip.

Related to this point, the authors bin across the PC and CbN firing rates in Figure 6 over 50 ms, which prevents the assessment of short term synchronous dynamics. In Figure 7, meanwhile, they assess spiking over the relevant (single millisecond) timescales.

2\) It is a little disappointing (though understandable given the technical challenge) that the authors did not perform these LFP recordings under the same conditions as the rest of the experiments in the manuscript -- i.e. in awake, running mice. While the conditions for the requested LFP recordings were not explicitly stated in the \"essential reviews\", it would obviously have been better to have these results obtained under the same conditions, especially considering the comments of Reviewer 3, Major point 3. Nevertheless, having seen the data from anaesthetized mice, it would be helpful to know whether:

\(a\) Varying the duration of light steps (say down to the 60 ms range) produces similar results to the 1 second stimulation, and

\(b\) Whether non-slip trials show a greater degree of LFP oscillation (Purkinje cell synchrony) than slip trials.

If the authors have this data it would be helpful to include it in the final version of the manuscript.

3\) The methodological description of the LFP recordings is a little confusing. The authors state that (1) the fiber was normally \~4-5 mm from the tip of the pipette, (2) the CbN recordings were made 1.9-2.5 mm below the cerebellar surface, and (3) for LFP recordings, the pipette tip was broken at the level of the optic fiber and placed as if for CbN recordings, implying a 1.5-3.1 mm distance (4-5 minus 1.9-2.5) between the recording pipette and cerebellar surface. Is this correct?

Reviewer \#3:

While the authors have added helpful new experimental data, I continue to have major difficulties with this paper. I am unconvinced that the revisions have resolved the serious issues raised by all three reviewers in the previous round. I outline my major concerns below. In summary, in my view, once the caveats with the experimental approach that must be considered are taken into account, the conclusions left do not constitute a major advance in our understanding of cerebellar circuit processing and locomotion.

1\) Here is the logic as it is laid out by the authors in the abstract (and elsewhere):a. \'Trains suppressed CbN firing less effectively\' than steps;b. Trains \'altered spike timing\';c. Steps or trains that perturbed \'stride related modulation\' (which the authors confusingly use to refer to timing) correlated well with irregularities of movement;d. However, \'Unperturbed locomotion continued more often during trains than steps\'.

In other words, trains altered spike timing more effectively, but didn\'t cause as many slips, yet the authors\' conclusion is that modulation of spike timing is what matters for inducing slips. As the authors acknowledge with the \'however\', this is fundamentally contradictory. If trains truly altered spike timing more effectively, and spike timing cause irregularities in movement, then trains simply should not allow locomotion to continue unperturbed more often than during steps. The authors speculate that \'the modulation of CbN spiking required for locomotion may persist more easily during synchronous inhibition\' and that this could account for the apparent discrepancy, but this is highly speculative, not to mention extremely confusing for me as an expert reviewer, and presumably even more so for a broad readership. Insufficient data is presented to support this idea and in my view, it cannot be used to explain the apparently contradictory findings, given the necessary caveats in interpreting the experiments as they were done (using sudden disruption of neural activity with optogenetics).

2\) I strongly disagree with the repeated claims in the manuscript and the rebuttal that the finding that ongoing locomotion is perturbed by optogenetic stimulation provides any evidence at all that \'modulated CbN cell firing is necessary for normal, ongoing locomotion.\' I pointed this problem out in my previous review, at which time I thought that the authors had simply not been careful with their language. However, now they are insisting on this point. To show that modulated CbN firing is necessary for normal, ongoing locomotion it would be necessary to effectively clamp CbN firing at a certain level and prevent it from modulating with the stride. This is not currently possible with optogenetic stimulation in spontaneously active neurons and the kind of acute perturbation of spiking presented here is particularly unsuited to making any claims about what natural patterns of spike timing may be doing during locomotion.

(See for example:

1\. From the rebuttal: \'we can safely conclude that transient disruption of CbN output rapidly induces discontinuities of gait\' \[Ok\] and \'we can begin to infer that cerebellar output, and indeed modulated cerebellar output, is necessary for smooth, learned locomotion\'. \[No, we cannot; this has not been shown and is presented as a primary result of the manuscript\].

2\. From the rebuttal, \'These observations... permit us to conclude that cerebellar output consisting of modulated CbN activity is required even for well-trained ongoing repetitive movements like locomotion.\' Again, I fundamentally disagree that they do.)

3\) There are many statements throughout the paper and rebuttal (including the statement quote in point \#2 above) relating to the idea that one important contribution of this paper is to demonstrate that sudden optogenetic perturbations of CbN neuron activity perturbs even well-practiced, ongoing locomotion. But this is entirely expected. It has been shown repeatedly, for example by the Lena, Medina, and Otis groups that optogenetic perturbation of Purkinje cell activity affects movement acutely in naïve animals. Disrupting movement of a limb of a mouse on a freely rotating cylinder will obviously, necessarily, induce \'slips\', particularly given that the authors are not even claiming that the slips they observe are a direct result of perturbation of control of the hindlimb (this is in fact their main defense for not analyzing forelimb movements.) Moreover, \'To what extent CbN cell activity is assistive, predictive, reactive, or generative remains open to discussion\' is used to motivate this study. But this study does not speak to those questions. CbN neurons are deep within the brain. They are not purely sensory or motor. Disturbing their activity with a sudden optogenetic perturbation of many CbN neurons at once perturbs movement, as expected, because they project directly to motor output areas. But this does not inform what signals drive their normal activity under physiological conditions.

4\) According to the authors, after the primary demonstration that disruptions of CbN activity perturb movement, their second main result is the demonstration that \'steps and trains of light that disfavor or favor Purkinje cell synchrony evoke different responses in CbN cells and different behavioral outputs.\' Although the authors have added LFP data to support the idea that the optogenetic stimulation resulted in more synchrony with trains than steps (though steps also induced synchrony for the first \~100ms or so), I am still not convinced that the paper presents results that speak to the question of how physiological PC/CbN synchrony might affect locomotion. In some places in the rebuttal for example, the authors admit that they cannot speak to physiological synchrony. But sometimes they say things like: \'The results provide a framework for interpreting systems-level observations in light of observations from cellular physiology.\' The link here between the two levels is too tenuous and statements like this are unsupported by actual data. Moreover, if their claims are limited to claims about optogenetic synchrony (which I think they necessarily are), I do not see this as a meaningful advance.

5\) The first part of the paper is meant to be a description of PC/CbN activity in mouse cerebellum during locomotion, which the authors argue, and I agree, is a necessary step in addressing their later questions. However, this analysis is incomplete and basic aspects of this characterization are lacking. For this part of the paper to represent an advance on its own, given the many similar published studies from other species, the authors would need to thoroughly analyze the speed dependence of the physiological responses they observe, for example. Given that they cannot speak to whether they were in a fore or hindlimb region, they would also need to at least consider changes in interlimb coordination and timing across speeds, to assess whether those could account for changes in neural responses, either across speeds in the same cells, or even possibly across cells, if the animals were locomoting at different speeds in different recordings. For example, in Figure 4, could changes in interlimb phasing across speeds account for these different categories? How common are the different categories of responses across speeds? Are these even distinct categories of responses? Similarly, in Figure 3, fifth paragraph of the Results, Figures 3E, F do not show that across speeds/stride durations \'firing rates tended to rise and fall at consistent phases of the stride cycle for both Pkj and CbN cells\'. 3E, F are each one representative neuron, and there is no analysis of the relative phase modulation at different stance durations. The fact that there is still an average modulation when normalizing for stride duration does not speak to whether there is a consistent dependence of phase on stride duration. This is relevant, again, because fore/hind limb phasing also depends on speed.

6\) In the sixth paragraph of the Results and throughout the paper: The modulation index and the subsequent use of the word \'modulation\' to refer both to changes in spike rate and timing is extremely confusing. In the rebuttal the authors try to explain that they are using modulation to refer to changes only in temporal patterns but the definition itself is spike-rate based. This needs to be fixed.

\[Editors\' note: further revisions were requested prior to acceptance, as described below.\]

Thank you for resubmitting your work entitled \"Control of voluntary and optogenetically perturbed locomotion by spike rate and timing of neurons of the mouse cerebellar nuclei\". Your revised article and responses have been evaluated by Gary Westbrook (Senior editor) in consultation with two reviewers. Following this revision, the conclusions of the paper are now more in harmony with the data with respect to interpretation. However the reviewers had several comments that we would like you to consider and address so that the Senior editor can make a final decision on the manuscript. These are included below. Some are primarily for your information, but some will require adjustments in the text.

1\) Interpretationsa) The changes reflected in the rewriting of the first and the last sentences of the first paragraph of the Discussion, and the results are major improvements over their predecessors, which attempted to make larger claims about what was \"required\" during normal locomotion. These findings are now presented in a way that is adequately supported by the data.

b\) The changes in the Discussion (which now reads \"In either case, these data provide evidence that cerebellar output can actively participate in locomotion\") and elsewhere are similarly crucial.

c\) Synchrony: The authors have taken increased care in discussing physiological synchrony throughout the paper.

d\) Terminology: Clarifications of the use of terms such as spike rate, spike modulation, and spike timing/synchrony are a major improvement. The authors could go further in this regard, perhaps using \"depth of modulation\" more consistently, and avoiding the term \"spike timing\" if at all possible (because \"timing\" alone still could refer to time relative to the stride). These suggested changes may be helpful for *eLife*\'s broad readership.

2\) Beyond interpretation, the major technical issue was to what extent synchronous vs. asynchronous responses had been demonstrated in response to trains vs. steps. The reviewers asked for a demonstration in awake animals that steps did not elicit synchrony because recordings in the anesthetized animal may not reflect the situation in awake animals. Without such a direct comparison, the conclusions need to be adjusted accordingly. Much of the toning down in the revised text helps here, but this caveat (anesthetized vs. awake LFP recordings, and the issue of the synchrony at the start of the steps) should be explicit in the Discussion.

3\) Proville et al. did show that stimulating Purkinje cells during whisking caused whisker deflections (see Figure 6C of their paper). They call this a change in setpoint, and argue that it did not interfere with ongoing whisking. However, the stimulation did in fact induce a movement. If one changes the position (setpoint) of whiskers, the mouse can keep whisking (as Proville et al. found). However, if one changes, for example, the position (setpoint) of a front limb during ongoing locomotion, it will necessarily \"disrupt locomotion\" at the level measured in the current study -- because it will prevent that limb from touching down at the expected time (if the paw is in the air) or it will directly perturb the wheel motion (if the paw is on the surface when the stimulation comes). The consequent change in support pattern or wheel motion will cause compensatory changes in the movement of all limbs, which will resemble hind limb \"slips\" as measured in the current study. Until now, the authors seemed to be assuming that their stimulations were directly disrupting locomotion itself -- whereas it is entirely possible that stimulation simply induces movement of a limb, and that locomotor patterns are altered as a result. For example, the same slips in the hindpaws and the same changes in CbN activity might occur if one physically halted the mouse\'s front limb while it was in the air during a step. The authors now acknowledge this possible alternative interpretation at several points in the manuscript.

4\) In response to the concerns about the completeness of the description of neural responses during locomotion, the authors state in their rebuttal, \"Pilot analyses verified that the phase relationship between firing and the stride cells did not change with speed, and that eliminating especially long or especially short strides did not significantly alter the plots of stride-related modulation, justifying collapsing the data across stride durations.\" This is quite useful information that we recommend should be incorporated in the Results section.

5\) Introduction, paragraph two: \"Consequently, to what extent and during which behaviors CbN cell activity may be assistive, predictive, reactive, or generative remains open to discussion.\" This sentence should be deleted as its placement gives a misleading impression of what the paper is about. The question in the third paragraph asks the same thing in a way that is more relevant for the paper, and the same point is made elsewhere, including in the Discussion.

6\) Paragraph beginning \"The present experiments on voluntary locomotion in intact mice demonstrate that transiently suppressing modulation of CbN cell firing by directly altering Purkinje cell activity is sufficient to disrupt smooth, well-practiced locomotion": Because the authors highlight the effects of stimulation (as opposed to inhibition) of Purkinje cell activity, they could be more specific here and say \"stimulation of\" instead of \"altering.\" At the end of this paragraph, \"In either case, these data provide evidence that cerebellar output can actively participate in locomotion\" is a major improvement, as it does not infer causality that has not been demonstrated. The authors could also say something like \"and cerebellar output is tightly linked to locomotor performance,\" if they wanted to strengthen this statement.

7\) Subsection "Modulation of Purkinje and CbN cells during ad-lib locomotion", passage \"Here, we found that the pattern of modulation with respect to the stride across a given Purkinje or CbN cell did not depend strongly on stride duration; possibly the range of values assumed by variables such as pitch and roll was reduced by head fixation.\": This is an interesting point, but it is also possible that this could be a species difference, perhaps resulting from speed-dependent interlimb phasing differences in rats vs mice.

8\) Second paragraph subsection "Cerebellar output and the persistence of well-trained movements": Suggestion: \"Such observations suggest that such modulation normally seen in cerebellar output neurons... may facilitate but may not be necessary for locomotion.\" Delete: \"represents sensory feedback associated with movement, which\", because the paper does not address this issue.

9\) In the same paragraph: Replace \"may vary depending on the behavior and the conditions\" with \"is unclear\".

10\) The x axis label for the bottom (histogram) panels of 6A, B should be seconds not milliseconds.

10.7554/eLife.29546.018

Author response

> Summary:
>
> All the reviewers thought the topic was very important and that the quality of the work is high. However, there were concerns as to the extent to which the results prove causality between the neural activity and locomotion, as most clearly stated in Reviews 2 and 3. Overall there was broad agreement among the reviewers concerning the specific comments raised by all reviewers regarding required changes to analysis and interpretation. Because the reviews include substantial amounts of text, we have included the reviews verbatim rather than try to summarize subtleties. We expect that addressing the comments will require additional analysis and perhaps some additional experiments. A few issues also arose in the Discussion that we would like you to address:
>
> 1\) Due to the lack of measurement of front paw movement and the previous recordings from other species, the focus of the paper might be best directed to the question of synchronous/asynchronous activity. However, synchrony vs asynchrony with the different optogenetic stimulation paradigms has not been demonstrated, and it needs to be. The authors could address this with LFP recordings from cerebellar cortex during continuous and pulsed stimulation (at different frequencies).

We have made and included the requested LFP recordings, which are shown as Figure 7---figure supplement 1 and discussed in the associated text.

> 2\) An additional concern is the possibility of direct stimulation of Purkinje cell axon terminals, particularly in the experiments recording from CbN neurons as it appears that the distance between fiber and pipette tip was fixed in the experiments). We recognize that the recordings were done at a max depth of 2.5 mm with the fiber tip 4-5 mm above the pipette tip, thus there would have been a lot of scatter through the 2.5 mm of brain above the DCN. Nonetheless the targets of stimulation (Purkinje cells) were at a systematically different distance between the DCN recordings and Purkinje cell recordings.

Below, we clarify the comparisons that were made in the response to reviewers as well as in the text of the revised manuscript. The point was to stimulate Purkinje cells at any position (somata or axons). Comparisons were not made between data obtained from positions used for Purkinje stimulation and positions used for CbN cell stimulation. The LFP data directly illustrate the pattern of activity of Purkinje cells with stimulation positions used for recordings of CbN cells.

> Reviewer \#1:
>
> \[...\] Major comments:
>
> 1\) A main piece of analysis that is lacking is a description of any systematic relationship between the timing and types of optogenetic perturbations and the resulting defects in the animals\' gait. Here are a few questions that could be addressed:
>
> \- Does some feature of the underlying activity explain why the optogenetic stimulus is effective at causing \'slips\' on some trials and not others?

Yes. Identifying the features of CbN cell activity that correlate with slips and non-slips is a major point of the manuscript. The first factor is firing rate. When the firing rate (measured in single CbN cells) falls below \~5 Hz, the slip probability is very high. This is a key point: it indicates that silencing cerebellar output disrupts even well-trained locomotion. These data are quantified throughout Figure 9. When firing rates are not reduced, if the stride-related modulation pattern is disrupted, slips are induced (measured and quantified in Figure 8). This is another key result: it shows that seeing a disruption of stride related modulation in a single CbN cell is indeed predictive of the slip, which one could not have anticipated with certainty before the experiments and analyses were done. This idea is now explained more fully in the text associated with Figure 8. A slip-inducing decrease in firing rate or disruption of modulation can be achieved with either a step or a train, but because trains are less effective at silencing cells, slips associated with trains more often show disrupted modulation than suppressed rate. This has been explained more fully in the text associated with Figure 9.

Regarding the questions below, please note that it was necessary to ensure that slips were relatively infrequent, since voluntary running by mice tended to cease when slips were evoked too often. Therefore, stimuli were at a threshold level, necessarily limiting the data set. We have inserted text, which addresses many of the points below, in the Results to clarify the stimuli used.

> \- Is there a particular phase of the step cycle which was more \'vulnerable\' than others to the optogenetic perturbation?

No. The latency of the slips was 120 ± 17 ms for steps and 117 ± 13 ms for trains. We clarify that these latencies were independent of the step phase.

> \- Is the stimulation more likely to cause a \'slip\' at certain running speeds than others?

Slips did not correlate with speed but with attributes of the firing patterns in the CbN. This is now directly evident as the distribution of slope of stance (rate of paw backward movement) and slope of swing (rate of paw forward movement) overlaps for trials that led to slips and non-slips, now shown in Figure 5---figure supplement 1.

> \- Did trains or steps induce greater numbers of different types of slips over the course of single recordings (i.e. the same cell)?

No. Each stimulus was repeated 3-10 times and slips did not occur earlier or later in the series of repeated stimuli, clarified in the Results.

> In general, it is unclear if trains, steps and different powers were applied over the course of single recordings or whether each cell was only subjected to a subset of stimuli.

Multiple replications of each stimulus condition were applied to each cell, clarified in the Results.

> Comparing across stimuli within cells, when the optogenetic stimulus was constant, would be a useful group of analyses.

The analysis of Figure 9N compares across stimuli within cells (with rate-matched trials).

> \- Is there a systematic relationship between the type of \'slip\' -- prolonged, altered, or incomplete stride -- and any of the abovementioned criteria?

The descriptors "prolonged," "incomplete" and "arrested" do not separate slips into three different categories or types. They are attributes that were indicative of a slip (now quantified and illustrated in Figure 5---figure supplement 1), but most slips (632/800, or 79%) had more than one of these attributes ("altered"), so a separation among slip "types" would not be appropriate or meaningful. This is clarified in the description of slips (paragraph five, subsection "Alterations of gait induced by optogenetic activation of Purkinje cells").

> These analyses would substantially improve our understanding of how cerebellar activity can affect ongoing motor programs. Otherwise, this study could be seen as being largely confirmatory, validating a set of previously documented findings with contemporary methods (optogenetics).

As indicated above, a number of the requested analyses were in fact done, and our textual revisions clarify these points. Nevertheless, independently of these finer grain analyses, the work is not simply confirmatory. Reversible manipulations of neuronal activity during locomotion have not previously been made. The first half of the present work is intentionally descriptive, since a baseline of measurements is necessary to the investigative part of the paper, and since the results from cats on motorized treadmills from Armstrong and Edgley 1984a and 1984b cannot be extrapolated to the voluntarily running head-fixed mouse. The second half of the work manipulates Purkinje cell activity, and brings us toward the realm of causality. The slips are certainly caused by the optogenetic stimulation of Purkinje cells (see quantification of light without ChR2 below and the new automated validation of slips); the question remains of how many intervening steps are involved, but since trained mice rarely slip on the treadmill, and since slips only occurred consistently with measurable disruptions of CbN activity, we can safely conclude that transient disruption *of CbN* output rapidly induces discontinuities of gait. From these results, we can begin to infer that cerebellar output, and indeed modulated cerebellar output, is necessary for smooth, learned locomotion. This has not been shown and is the primary result of the manuscript. The secondary result is the demonstration that steps and trains of light that disfavor or favor Purkinje cell synchrony evoke different responses in CbN cells and different behavioral outputs. These points have been re-emphasized by textual revision throughout the manuscript.

> 2\) It is somewhat worrying that \'slip\' events were detected manually and (apparently) without blinding. It would be good if the authors could develop automated criteria for what they call a \'slip\'. Paw tracking is admittedly a difficult analysis challenge, but formalizing it in order to remove potential bias is important. This is particularly worrying in a few of the examples shown, which seem to contain high frequency events (e.g. the paw trace in 5A, left panel just at the end of the optogenetic step) that look aberrant. Are these errors in the paw tracking itself or actual movements?

We developed an automated analysis method and re-analyzed all trials, described in the Materials and methods as well as Results. The attributes of all slips are now illustrated in Figure 5---figure supplement 1. The automated analysis extracts stride duration, stance slope and swing slope and compares these values for strides before the stimulus to those during the stimulus. The method provides a stringent identification of slips; as described in the Materials and methods, false positives are low. The analysis led to a rejection of only 7% of the slips identified by eye (which was in fact blinded, now stated, in subsection "Analysis of optogenetically induced slips"). Consequently, although a few numbers have been updated, no changes in results or interpretation come from the reanalysis. We also clarify that the brief transients are noise from when the tracker transiently lost the paw signal and do not reflect actual movement (subsection "Identification of strides").

> 3\) The authors should show explicitly that their optogenetic perturbations (light flash + ChR2) induce stride perturbations at higher rates than in baseline (no light flash) and negative control (light flash but no ChR2) conditions. Description of these measurements is mentioned deep in the Materials and methods section, but no data are shown. Adding these comparisons in various places throughout the paper (for example in Figure 8, or as a supplement) would contextualize interpretation, since variability in step-cycle PC firing is related to other behavioural parameters (see Sauerbrei et al., 2015).

As the reviewer noted, we had described these control experiments in the Materials and methods. We moved the text to the Results to incorporate it better into the narrative, and added a sentence to stress that the data provide evidence that the optical stimulation of Purkinje cells is responsible for most slips. Because these slip events in control mice were so rare (1 in 77 trials, 1.3%, without ChR2, compared to 31/33 trials, 93.9%, with ChR2), and because the investment in surgery and training mice was quite high, it did not make sense to run the complete set of experiments on many control mice.

Like Sauerbrei et al., 2015, who studied freely moving rats, we see modulated Purkinje cell firing across the step cycle as well as variability of stride duration. Sauerbrei et al. indicate that some of the variability comes from acceleration, roll, and pitch parameters as the animal moves freely. Sauerbrei et al. also illustrate that the activity simultaneously recorded Purkinje cells co-vary, so the variability is not just noise. This piece of data informs the present study in two ways: (1) they help account for why the optical stimulation may be effective on some trials and not on others, and (2) they provide evidence that synchronized Purkinje cell activity may be a real aspect of cerebellar function during locomotion. These points are now included in the Results and the Discussion.

> 4\) Complex spiking in Purkinje cells appears to be completely neglected in this study. The authors should at least attempt to extract complex spikes from their recordings and analyze their response properties during the optogenetic stimulation. Is complex spiking increased during \'slips\' to a greater extent than in non-slip trials? Related to the point above -- does the flashing of the optogenetic stimulus induce complex spiking (this is likely a novel/unexpected sensory stimulus)?

Complex spikes were intentionally not studied because the questions under investigation are about firing patterns in CbN cells and their relation to simple spike mediated inhibition from Purkinje cells and to ongoing practiced movement. We originally provided information on complex spike rates in the Materials and methods, and we now added measurements from additional Purkinje cells and separated firing rates into windows before, during and after the light step. As expected, complex spike rate is low (1-2 Hz) and can go up during the light-induced activation of Purkinje cells (2-3 Hz), which is predicted to inhibit nucleoolivary cells, leading to disinhibition of the inferior olive. Because it is not possible to disambiguate the direct effects (olivary disinhibition by increase Purkinje cell firing) from biological effects (e.g., sensory or motor input to the inferior olive), further analysis is not likely to be informative. We have therefore left this as incidental information in the Materials and methods for completeness but have not pursued the studies further.

> 5\) The authors mention in the Materials and methods that a subset of their neurons were modulated by running speed. Was this consistent across individual step cycles? If so, it would be a departure from the findings of Armstrong and colleagues, who showed that firing rates, when normalized to step cycle, were invariant to different speeds of walking on a motorized treadmill. It would be valuable to know if during free running, the depth of modulation varies with speed (consistent with the findings of Sauerbrei et al., 2015).

As indicated in the Results, aligning strides to the lift revealed that relative firing rates rose and fell at consistent phases of the stride for both Purkinje and CbN cells across stride durations. Nevertheless, for completeness we tested whether firing rates varied with velocity. As reported in 8 CbN cells (21%), firing rate correlated with velocity. Because these were a minority of cells targeted in our recordings and because this question was tangential to the questions at hand, we reported the data but did not pursue it further.

> Reviewer \#2:
>
> How the cerebellum contributes to already learned, ongoing movement is an important and much debated question. While most studies have focused on the role of cerebellar circuits in motor learning, the idea that the cerebellum plays a significant role in ongoing movement has only recently become more widely accepted. However, the same modern optogenetic tools that have permitted causal demonstrations that Purkinje cell firing can drive motor output have also suggested an overly simplified relationship between Purkinje cell output, cerebellar nuclear cell (CbN) firing, and movement by implying a strict inverse relationship between Purkinje cell firing and CbN firing. In contrast, in vivo recordings from CbN neurons and Purkinje cells have suggested a more complex relationship between cerebellar output and movement. Here, Sarnaik and Raman seek to address the important question of how the cerebellum contributes to ongoing movement by combining in vivo recordings from both the CbN and cerebellar cortex in combination with optogenetic manipulations designed to test how the firing patterns of neurons in each location are causally related to motor output. By tailoring optogenetic stimulation of Purkinje cells in a manner intended to either promote or reduce population synchrony, in combination with high-speed measurements of hind limb position during locomotion, they conclude that Purkinje cell synchrony is favorable for normal movement, likely by creating widows of excitability for ongoing mossy fiber excitation. If true, this conclusion is significant, and I would be in favor of publication. However, I am skeptical of the central conclusion, as I am not yet convinced that the data supports the claim that enhanced synchrony is favorable for ongoing movement. Moreover, the relationship between movement, CbN spiking and synchrony overall is not fully explored, and paper would benefit greatly from further analysis regarding the relationship between these parameters.

The reviewer has laid out the questions clearly but has overstated our conclusions. We have no data on physiological synchrony during locomotion. The actual conclusions of the manuscript are derived directly from the results, which indicate that alterations of Purkinje cell activity that (a) suppress CbN cell firing rates or (b) disrupt temporal modulation of CbN cell firing rates on the time scale of a stride are associated with slips. These observations, which have to our knowledge have never been made explicitly before, permit us to conclude that cerebellar output consisting of modulated CbN cell activity is required even for well-trained ongoing repetitive movements like locomotion. As part of the series of manipulations, we compare different types of activation of Purkinje cells, namely asynchronous and synchronous firing. These can both induce slips, but influence CbN cells differently, with asynchronous inhibition producing lower firing rates. To control for rate (and other variables), we made within-cell comparisons of pairs of trials in which a step and a train led to comparable changes in firing rate. In these rate-matched trials, steps and trains often elicited a common response (either a slip or a nonslip). However, in 29% of these trials, a step but not a train elicited a slip, or vice versa---and step-slip/train-nonslip trials were nearly four times more likely than step-nonslip/train-slip. Since we know that slips correlate with loss of modulation and non-slips correlate with continued modulation, we can conclude that modulation can persist more easily with trains (synchrony) than with steps.

To illustrate this point more clearly, we have added Figure 10. The raw data for rate matched step and train response pairs from individual cells and all subsequent transformations are shown, to illustrate that, for either steps or trains of light, when slips occurred, stride-related modulation was disrupted, and when nonslips occurred, modulation persisted. In addition, the correlation between firing rate modulation during the slip and before the slip (shown for all slips from Figure 8H) is parsed by step or train as stimulus. The plots show directly that a higher fraction of step trials than train trials were non-modulated.

In the Discussion, we bring up previous observations (by others) of synchrony occurring under physiological conditions of normal movements. Given the evidence that CbN cell modulation is required for locomotion, and that modulation is less often disrupted by applied synchronous inhibition than applied asynchronous inhibition, we propose the idea that a consequence of physiological synchrony might by to permit modulation of CbN firing (e.g. by mossy fiber inputs) to proceed. We mention that the conclusions raise this idea as a possibility because it serves to put the experimental results into context and (we hope) direct future research. We have edited the text throughout to distinguish our interpretations relating to the artificial synchrony tested here and our proposals regarding physiological synchrony that may occur in vivo.

> Major comments:
>
> 1\) Movement errors may actually be highest when PC synchrony is highest for light pulse trains. Based on Figure 7, it is challenging to interpret the relationship between Chr2 train frequency and PC synchrony. Because PCs were recorded one at a time, it is unclear how light spreads from the stimulation/recording pipette to the surrounding tissue activate nearby PCs. A nearby LFP electrode could have been useful to assess relative population synchrony in absence of distance dependent paired PC recordings. However, from the current measurements, it is clear that peak PC spike probability is inversely proportional to train frequency, strongly suggesting the likelihood of decreased synchrony in the population with increasing stimulation frequency. This hypothesis is consistent with the CbN recordings. Here, the largest suppression (peak transient reduction in spike probability) happens for the lowest stimulation frequency of 50 Hz. This could suggest PC synchrony is highest for the 50 Hz stimulation, because CbN neurons integrate 50-80 PC inputs and suppression should be largest when synchrony is highest. It seems unlikely that the difference in CbN suppression is purely due to short-term depression from PC synapses, because the spike probability in PCs at 100 Hz is nearly half that at 50 Hz, which should normalize for depression between these frequencies. Hence, though the measurements are indirect, both PC and CbN recordings suggest highest PC synchrony at 50 Hz stimulation. Comparing these data with Figure 9, the highest probability of movement error occurs for 50 Hz stimulation. More specifically, in Figure 9L, though mean spike rate is invariant, motor errors decrease dramatically with simulation frequency. In combination with the data shown in Figure 7, these results suggest the possibility that with the same type of stimulation (pulse trains), motor errors occur with higher probability as PC synchrony increases, conflicting with the authors\' current interpretation of the data.

Everything the reviewer states is correct, except the last phrase. We have revised the text throughout to remove the mistaken impression that we have claimed that extreme artificially induced synchrony will facilitate movement. Based on the data, this claim would indeed be incorrect. The data indicate that what facilitates movement is *stride-related modulation of CbN cell spiking*. Stride-related modulation of spiking can be disrupted by (1) inhibition that reduces the rate of firing enough to suppress CbN cell output altogether or (2) inhibition that alters the stride-related timing of spikes whether or not the rate is suppressed. As the reviewer correctly points out, compared to the other train stimuli tested here, 50-Hz stimulation of Purkinje cells is an unusually strong pattern of artificial regular inhibition. We have added LFP recordings, which confirm this statement. It effectively disrupts stride-related modulation by retiming the spikes. Nevertheless, as described in the response to the reviewer's general comments, when pairwise comparisons are made, controlling for rate changes, even artificially regular trains with no relation to the stride cycle are less likely to induce slips, i.e., they are less likely to interfere with the CbN cell firing rate modulation. These ideas are now emphasized still more strongly in the manuscript in the text associated with Figure 9L and 9M, as well as Figure 10. These observations raise the possibility that if Purkinje cell activity during stepping were to be correlated across cells (as suggested by data of Sauerbrei), then inhibition might be interspersed with physiologically appropriate gaps in which mossy fiber activity would be able to generate spikes more effectively. We bring up this possibility in the last paragraph of the manuscript, as it is a rational inference from the data, which might be helpful in future experimental design, even though it is not tested in the present study.

> 2\) The relationship between movement, movement errors, and CbN spiking is unclear. Figure 8 seems intended to show that locomotion can proceed normally as long as PC and CbN neuron firing maintains the same phase relationship with respect to movement during light stimulation (modulated in the same way, with only a change in spike rates). Conversely, the authors suggest that movement is preferentially disrupted when the relationship between spiking and the step cycle is impaired. However, in panels F and G, the movements being compared are totally different. Hence, I don\'t understand the meaning of the firing rate correlations, which are no longer paired in a meaningful way with respect to movement. How is this different from a random shuffle of movement and spiking prior to correlation measurements? Moreover, if I understand panel I correctly, when prolonged movement traces are corrected by aligning with normal movement, the firing rates then show a similar relationship to movement as for non-slip/control strides. Do these data suggest that the relationship between spiking and movement is actually the same for slip and control trials, and that the only difference lies in the altered kinematics of movement, which is definitionally different for slips? From this analysis it is not clear how disrupted Purkinje cell spiking is causing the slip as opposed to reflective of the change in motor program. The authors should justify why it is reasonable to correlate firing rates across distinct movements, and explain more clearly how this informs the role of CbN spiking in motor output.

The underlying assumption that the reviewer is making is firing rate in an individual cell is correlated with movement, but that is an assumption that cannot be validated without these experiments and analyses. Only afterward can we be confident that the single-cell firing rates and movement are linked. The text associated with Figures 8-10 has been edited to stress these points. The key ideas are as follows:

In panels 8F and 8G, what is being correlated is not movement but firing rates before and after stimulation. To interpret the rest of the data, we must verify that firing patterns of individual neurons can be used to make inferences about movements. What we observe (Figures 8B, 8C, 8D) is that when movements are not perturbed by light stimulation (non-slips), firing rate modulation continues as it does in the unstimulated condition (although rates can change). This observation provides evidence against the idea that movement persists normally even when firing rates in the recorded cell are altered.

Then we check the converse: does modulation of firing rates in the recorded cell continue even when movement is disrupted? Please refer to Figures 8F and 8G. We test the correlation between the firing rate during the normal stride (no light) with the firing rate over an identical time period during the slip. If the slip is independent of the activity in the recorded cell, firing rate modulation might persist regardless of the movement. But instead, we see that modulation is disrupted (as is the movement). Like the measurement of modulation during non-slips, this is a crucial control that permits us to say that modulation in the CbN cell is predictive of whether or not there is a slip. This is a necessary baseline for the analyses of Figure 9 (and 10).

The prolonged stride is a special case because we can identify strides clearly, and see that firing rate modulation now occurs on a longer time scale. This is interesting because it strengthens the relationship between the modulation in a single CbN cell and the locomotor output. Regarding causality, it is reasonable to say that the optogenetic activation of Purkinje cells (whose output is to CbN cells) caused the slip, but we cannot (and do not) make claims about whether it is a proximal or distal cause. Nevertheless, what matters here is to test whether a single-cell readout can be used to make inferences about movement. The text associated with Figures 8-10 has been edited to re-emphasize these points.

> 3\) How do light steps vs light trains differentially affect the relationship between CbN spiking and movement across the step cycle? Figure 8 implies that disrupting the specific phase relationship between PC/CbN spiking and movement is a central cause for movement errors. Figure 9 shows that light trains are less likely to cause movement errors than light steps for equivalent mean changes in spike rates. The authors suggest that together these observations imply that light steps are more likely to disrupt the spiking/movement phase relationship. This is a central point, but it is not demonstrated. To make sense of how light steps and trains differ in causing movement errors, it is necessary to show how they differentially affect the relationship between spiking and the step cycle. This should also be shown for different light train frequencies as well, as it remains unclear why different frequencies produce differential motor error probabilities despite producing the same net effect on spiking.

We have added Figure 10 which shows paired examples of steps and trains that elicited similar firing rates and illustrates the disruption of modulation during slips but not non-slips (for both steps and trains), as well as the higher fraction of slip trials with non-zero firing rates, which were non-modulated, for trains vs. steps (from data in Figure 8).

> 4\) It is unclear whether movement errors relate to PC synchrony, or just irregularity in firing. Rodent models of cerebellar ataxia have suggested that mean PC firing rates in ataxic animals are not different from control animals with normal coordinated gait, but instead differ in regularity of firing (as measured by CV). It seems that a major difference between the pulse and train stimuli delivered here might simply be a change in firing regularity instead of a difference in population synchrony, but this is never measured. In particular, Figure 9N shows that for the same mean firing rates, light steps are more likely to produce movement errors than pulse trains. Could this simply be due to differences in firing CV? Analysis of firing regularity across conditions should be considered as an explanation for the effects on movement.

We measured CV in all step and train trials. As expected, the CV is lower in the trains than in the steps, consistent with regularization by the optically induced regular synchronous inhibition, but was not predictive of whether a slip or non-slip would occur. We have included this information but this question seems to be predicated on a misunderstanding. The rodent studies that the reviewer is presumably referring to show regular/irregular firing in slices without synaptic input, not regularity or irregularity in vivo, and as such are not directly comparable or relevant to the present work. In the present experiments, regular trains of synchronous inhibition would be the mechanism underlying the outcome of a reduced CV.

> Reviewer \#3:
>
> 1\) This is a well-written, high quality study investigating how the temporal organization of Purkinje cell activity affects CbN activity and locomotor behavior. Unfortunately, weaknesses in experimental design undermine the main conclusions of the paper. The paper is motivated in two ways -- both as examining the role of Purkinje cells/cerebellar nucleus neurons in locomotion and as examining the physiological relevance of synchronous vs. asynchronous Purkinje cell activation. Most of the conclusions are really about the latter, but the Title and Introduction, as currently written, are overly focused on the former.

We tried to be systematic in building up to the key experiments and explicit about the multiple variables that contribute to the phenomena under study. Therefore, the manuscript begins with a descriptive portion (Figures 1-4) that lays the foundation of Purkinje and CbN cell activity during locomotion before the experimental portion that manipulates Purkinje cell activity optogenetically. After illustrating the effects of the manipulation (Figure 5), Figures 6-8 provide tests, assessments, and validation of the manipulations (Purkinje and CbN activity during optogenetic stimulation; correlation of non-slips with continued modulation, hence interpretability of individual CbN cells). Only then do we proceed with the detailed analysis of slips (Figure 9 and now the new Figure 10), of which the comparison of steps vs. trains is a subset. We think this approach makes the experimental design quite solid, especially given the multiple variables that make investigative (rather than exclusively descriptive) experiments on the relation between neuronal firing patterns and behavior quite challenging.

The manuscript is actually not only (or even primarily) about synchrony vs. asynchrony, although previous work on this topic certainly helped motivate the study. As stated in other responses above, we think that the strongest experiments and results of the paper are as follows. We present some of the first recordings of Purkinje and CbN cell activity in awake, running mice both during voluntary locomotion and during transient, reversible, experimental elevations of inhibition to the cerebellar nuclei. These results show definitively that direct manipulations of Purkinje activity that either (a) suppress the activity of CbN cells, or (b) disrupt the stride-related modulation of CbN cells, produce measurable disruptions of locomotion. These results matter for the following reasons: The experimental manipulation is new and direct. The demonstration that tracking an individual CbN cell's activity is highly correlated with behavioral output could not have been predicted without direct measurement. The observation that silencing the output of a CbN cell (which likely indicates comparable silencing of multiple CbN cells) is sufficient to alter movement provides evidence that cerebellar activity is required for persistence even of a well-trained motor task. The observation that disruption of modulation of a CbN cell (which likely indicates disrupted modulation of multiple CbN cells) is sufficient to alter movement provides evidence that modulated cerebellar output is required for persistence even of a well-trained motor task. None of these points could have been stated before the experiments were done. We have edited throughout to ensure that the emphases are appropriate to make these points clear.

> 2\) The authors use optogenetics, with continuous vs. pulsed illumination, to generate \'asynchronous\' vs. \'synchronous\' responses in Purkinje cells, respectively. But, only single unit responses are shown, and the assumption that continuous stimulation will give asynchronous responses across the Purkinje cells population is not validated. The authors only claim that Purkinje cells spike rates are increased without \'consistently affecting spike timing\' -- but this is across trials, not across neurons. Any Purkinje cell synchronicity that exists in vivo would be largely due to shared inputs, which as the authors acknowledge, are still there in the optogenetics experiments. So even if an individual Purkinje cell fires with different temporal patterns in response to continuous light stimulation on subsequent trials it is still very possible that a set of Purkinje cells will respond synchronously with each other on those same trials. Establishing whether the stimulus conditions used here result in synchronous or asynchrounous activity across Purkinje cells on individual trials -- which is crucial to support the authors\' conclusions -- would likely require recording or imaging across multiple Purkinje cells (or CbN) simultaneously.

First, we have made local field potential recordings from Purkinje cells with the optical fiber placed as it was for CbN cell recordings. These data confirm that trains but not steps evoke responses whose FFTs have power at the optical stimulation frequency (and harmonics), consistent with multiple cells firing simultaneously at the applied stimulation frequency. These data are now included as Figure 7---figure supplement 1.

Second, we edited the text to clarify that the data in Figure 7 show the spike timings (in 1-ms bins) per condition averaged across all trials in all Purkinje cells (7C) and all CbN cells (7D). Although the cells are not recorded simultaneously, they are signal averaged with respect to the optical stimulus, so the data really are likely to reflect the response "across neurons." If there were a consistent temporal relationship across Purkinje cell spikes, it would emerge in the mean PSTH for Purkinje cells and for CbN cells. Such patterns do emerge for trains but not for steps (grey mean PSTHs). Steps evoke comparatively constant spike probabilities in each 1-ms bin throughout the early and late windows, distinct from the patterns seen with trains, in which the spike probabilities consistently rise and fall (across Purkinje cells) or fall and rise (across CbN cells) in the same windows.

> 3\) A related point: it was interesting that the relative inefficacy of trains of stimuli in changing CbN firing rates or evoking slips was frequency dependent. That made me wonder whether differences in short term plasticity could be responsible. If so, it may not be the synchronous nature of the response to the trains that matters, so much as the fact that it is extremely regular. Would trains with more natural temporal patterns (drawn from a typical distribution of Purkinje cell interspike intervals) be more effective? With the current experimental design, synchronicity and regularity are conflated.

We, too, wondered whether higher frequency trains are ineffective because inhibition by Purkinje cells is reduced by synaptic depression, but this idea is unlikely. The depth of modulation of Purkinje cells (Figure 7C, Figure 7---figure supplement 1) was lowest at high train frequencies, suggesting that fewer Purkinje cells fire on each cycle of the stimulus (even though every cycle has at least some Purkinje cells firing). Indeed, the mean firing rates of Purkinje cells were comparable at low and high frequencies (Figure 7E) giving rise to comparable firing rates of CbN cells across the range of frequencies tested (Figure 7E), suggesting that the total inhibition provided by Purkinje cells was not much lower for the high-frequency trains. Still more direct evidence comes from the analysis of rates in Figure 9. If inhibitory synaptic depression or failures of Purkinje cell spikes to follow the stimulus were the primary determinant of slips, then slips and non-slips would segregate either by absolute firing rate or by the size of the reduction in firing rate, which is not the case (Figures 9H-9M). This is in fact the reason why we did the analyses in Figures 9H-9M. These explanations have been added more explicitly to the manuscript (Results).

> 4\) Given these caveats, I have a general worry that the findings about continuous vs. pulsed stimulation may be a consequence of the relatively unnatural case of optogenetic stimulation, rather than telling us anything fundamental about the role of physiological synchrony, which is what the authors want to investigate.

It is important to stress again here that this manuscript neither tests nor makes claims about physiological synchrony, either in the original or revised version. Optogenetic stimulation is in fact *completely* unnatural; it is an experimental manipulation that is being used to test how and with what probability movements are altered by interference with normal Purkinje cell firing patterns. We have edited throughout to try to clarify what we are actually studying (summarized below).

The question under investigation is what patterns and strengths of inhibition are likely to be most effective (and ineffective) at changing CbN cell firing in a manner that has behavioral consequences? Or as is stated more broadly in the Introduction, we are testing "how CbN cells respond to modulated inhibition from Purkinje cells and how these responses relate to behavior." The choice of stimulus parameters is influenced by the awareness that biophysical studies of the Purkinje-CbN synapse indicate that firing by CbN cells is sensitive to the relative timing (the degree of coherence) of inhibitory inputs as well as the rate of inhibition, as well as the fact that both Purkinje cell simple spike synchrony and asynchrony has been repeatedly reported in vivo. We therefore manipulated two variables: the rate of Purkinje cell firing (with steps of different intensities, which keeps relative timing asynchronous) as well as the relative timing of Purkinje cell firing (with trains of different frequencies, which keeps firing rate relatively constant) to observe the effect on CbN cell firing (rates and patterns) as well as on behavior.

By doing so, we provide answers to the question under investigation: movement is altered when the firing rates of CbN are fully suppressed. Movement can also be disrupted when CbN cell firing rates are relatively unchanged. In the latter case, two explanations are possible. Either the cell's firing *pattern* has changed and may correlate with the slip, or its firing pattern is unchanged and a single-cell readout is uninformative. We consistently find that the CbN cell modulation pattern changes during slips, and not during non-slips. Regardless of steps and trains, if modulation persists, locomotion is unimpeded even when CbN cell firing rates are strongly reduced (Figure 8C, 8D); conversely, when modulation is lost, locomotion is disrupted even when CbN firing rates are not reduced (Figure 8F, 8G, 8H).

Further analysis indicates that normal locomotion persists somewhat more during trains than steps (Figure 9N, new Figure 10). This means that trains (even artificial ones) are less effective at suppressing modulation. These experimental results let us think about biophysics, which indicates that mossy fiber excitation is (not surprisingly) most effective when it is not impeded by inhibition, i.e. during gaps in inhibition, which occur between synchronous IPSPs (Wu and Raman, 2017). In other words, if Purkinje cells synchronize, then their inhibition will be less likely to shunt modulated excitation. This lets us consider the physiological scenario. We know that under normal (unmanipulated) conditions, CbN cells are modulated. This raises the possibility, which we present in the discussion, that physiological Purkinje cell synchrony, which almost certainly is not a regular train of spikes if/when it happens, could be more permissive of modulation of CbN cell firing rates by incoming mossy fiber excitation. The present experiments do not purport to test physiological synchrony, but provide data that permit us to think about what would happen.

> 5\) The authors state that \"Since the goal was to track continuity or discontinuity of the stride, rather than to correlate neuronal activity with actions of specific limb muscles, only the hindlimb was monitored.\" For the experiments that aimed to look at synchronous vs. asynchronous activation, this may be OK. However, given 1) that the stance phase for a front paw is (to a first approximation, and depending on walking speed) the swing phase for the ipsilateral hindpaw, and 2) the important role of the cerebellum in interlimb coordination in mice (Machado et al., 2015, Vinueza Veloz et al., 2014), only having measurements of the ipsilateral hindpaw is limiting for any analysis of stride phasing of recorded responses (e.g. all of Figures 3,4). Moreover, given the nature of the treadmill used, if one paw\'s movement is altered by optogenetic stimulation, the treadmill movement will change, and all paws will appear to slip. This could be one reason for the seemingly long (160 ms) latency between stimulation and slips that the authors report. Careful latency comparisons of front vs. hind paw kinematics, or EMG recordings, would be necessary to conclude that any slips (or neural responses) observed were due to changes in the ipsilateral hindpaw (measured) and not secondary consequences of primary direct effects on ipsilateral front paws.

Yes, the reviewer is exactly right that multiple limbs may be affected and that the stride phasing cannot be determined. We expanded our statement of this idea and state paragraph four of subsection "Firing rate modulation with stride" that the phase relationship is shifted relative to Armstrong and Edgley's tracking of forelimb (which brings the two studies much closer into alignment); the same idea is now stated earlier in the text. The most important part for the questions at hand, however, is that the Purkinje and CbN cells that we recorded from are in regions that project to one another, so the relative phase of modulation with respect to the hindlimb step cycle can be compared. The point of Figure 3-4 is not to relate the activity to a specific limb, but to look at the distribution of modulation patterns with respect to the stride and for Purkinje vs. CbN cells.

Regarding the optogenetics, which paw initiates the irregularity of movement is actually immaterial to the study and its conclusions. Pilot studies indicated that the hindlimb was the most reliably tracked during normal and altered locomotion. All slips included a change of hindlimb movement and correlated with a loss of modulation in the recorded Purkinje or CbN cell. The recording regions were consistent, as were the slip latencies. Therefore, it seems reasonable to conclude that the data can be analyzed to address the desired question:what alterations of CbN cell activity as a consequence of experimental manipulation of Purkinje cell activity give rise to disruptions of gait? We are not trying to say that the hind paw movement is causal of the slip, but it is a readout of the slip. We have added text (in addition to the places where it already was stated) to clarify these points. We also edited the sentences on latency in the Discussion.

> 6\) The authors are fairly careful in their wording, to say \'modulated CbN firing is necessary for normal, ongoing locomotion,\' but I am concerned that most readers will read this as \'modulation of CbN firing is necessary...\', which has not been shown. Acute shutdown of spontaneously active neurons cannot reveal whether tonic activity or modulated activity was required. The authors clearly know this, but they should address it explicitly, and may want their main conclusions (Impact statement, Abstract, first line of Discussion) to be less susceptible to confusion on this point.

We edited the Abstract to define "modulated," in addition to the definition that already was present in the Introduction. The data support the idea that slips occur when modulation is disrupted, even without suppression of firing. This is shown in Figure 8D: non-slips remain modulated, i.e. there is a high correlation between firing rate modulation before and during the light stimulus; 8H: slips become unmodulated, i.e., the correlation between firing rate modulation before and during the stimulus is lost. It is shown in another way in Figure 9ABCD; 9HIJK, note slips on unity line, i.e. with unmodulated (tonic) output. It is not really the case that it remains ambiguous whether tonic output is sufficient. The text associated with Figures 8 and 9 has been edited to make these points clearer.

\[Editors\' note: further revisions were requested prior to acceptance, as described below.\]

> Summary:
>
> The revised manuscript was seen by two reviewers, both of whom have substantial remaining concerns. Under usual circumstances, eLife would not consider a manuscript further at this point. However, the reviewers recognize that the raw data are very high quality and the results are interesting, but the interpretation and presentation fall short. The study has evolved its focus to understand how the level of coherence of Purkinje cell inhibition influences the way neurons in the cerebellar nuclei support locomotion. This is an interesting point, but what is missing is direct evidence for a relationship between these phenomena in awake animals.
>
> The reviewers discussed whether the authors could conduct a single experiment, involving simultaneous LFP recording in the cerebellar cortex and optogenetic stimulation of Purkinje cells during locomotion. This experiment would allow for single trial analysis that would relate the presence or absence of behavioral slips to the degree of coherence in the cortical LFP, which if successful could provide support for a direct relationship.
>
> We also suggest that the authors restrict their analyses to the period of time (\<120 ms) preceding the slips rather than the whole 1-second optogenetic stimulations (both steps and trains). The stated claim in the manuscript is that steps produce less synchronous inhibition, and this is true over the whole second stimulation. However, there are very clear oscillations in the anesthetized LFP recordings during the first \~60 ms of the recordings in both conditions, which confuses the claim that optogenetic steps produce a lower degree of synchronous firing than trains (over the time interval relevant for behavior). This is why single trial analysis during behavior is a crucial experiment, and the inherent trial-by-trial variability of spiking may be a useful \'bug\' that can be exploited to provide the necessary support for the authors\' claims.
>
> Before we make a final decision on the manuscript, we would like the authors to address whether they think this approach is something they wish to pursue. If so, please provide an action plan and a time frame for us to consider. The original comments of the reviewers are also included below.

Thank you for this summary and the opportunity to respond to it. The requests for further revisions apparently stem from the desire for some key data and concerns about novelty and interpretation, centering on the following requests:

\(a\) Evidence for increases in synchrony of Pkj cells with trains and not steps,

\(b\) Shifting of the analysis window,

\(c\) Analyses of single trials,

\(d\) Curtailment of inferences, and

\(e\) Distinction from previous work.

We have edited the full text based on the editor's and reviewers' comments to address the points listed above. Below, we explain why the experiments and analyses already in the manuscript provide the answers they seek and why the reviewers' newly suggested experiments and analyses would fail to answer the central questions. We also clarify key points of the work and its distinction from previous studies.

We hope that the edits and these explanations will clarify why we think the key points have been addressed.

\(a\) Evidence for increases in synchrony of Purkinje cells with trains and not steps:

The reviewers' key question is whether Purkinje (Pkj) cells synchronize in response to trains.

Answers provided by existing experiments: In our original study, we provided evidence that synchrony was elevated by trains, from direct recordings from individual Pkj cells as well as from direct recordings from individual CbN cells. Since each CbN cell is targeted by a few dozen Pkj cells, the response of each cell reflects the combination of convergent inhibitory inputs. If inhibition (assessed as the decrease of spike probability in a 1-ms bin) of a CbN cell is measurably time-locked to the stimulus train applied to ChR2-expressing Pkj cells, the most reasonable interpretation is that the inhibition is coherent (relatively synchronous). This offers a direct measure of the activity of Pkj cells that are (1) stimulated by light and (2) converging. We found that individual CbN cells and the population of CbN cells indeed showed evidence of Pkj cell synchrony in the form of inhibition time-locked on the time scale of ms. This was true for trains of all frequencies, but not for steps (Figure 6B, 6D for steps, Figure 7B, 7D for trains).

Explanation of shortcomings of LFP recordings: Nevertheless, the reviewers requested LFP data from Pkj cells stimulated by steps and trains of light. To comply with reviewer requests, we obtained the data requested. The problem with LFP recordings, however, is that there is no way to know how many Purkinje cells contribute to the measurement or whether they converge in the CbN. Thus, LFP recordings are actually uninterpretable in the context of the question that the reviewers ask about. Although they provide corroborative evidence in light of the direct recordings, they cannot not stand on their own.

Evidence for lack of transmission of 50-ms LFP oscillation to the CbN: The reviewers now express concern that an oscillation at \~280-300 Hz seen in the first \~50 ms of the LFP recordings in two anesthetized mice during steps of light is responsible for all the slips detected. However, a major role for this brief oscillation can be ruled out because it is not present in the CbN cell records, even when the data are binned at 1 ms (Figure 7D, grey, now moved to front in the revision). These records show no coherent inhibition beyond the first 10 ms. The brief period of coherence is expected, given that the onset of light initially evokes spikes synchronously (as it does for a brief pulse), after which the firing rates of individual Purkinje cells diverge: after the first 10 ms, the mean spike probability in CbN cells remains below \~0.05 per bin with no systematic or cyclic variation throughout the interval, suggesting that the incoming inhibition must be asynchronous. Thus, the \~50 ms oscillation in the LFP translates into \~2 inhibitory gaps within \~10 ms in CbN cells and nothing more. Moreover, although steps and trains both start with coherent firing in the first 10 ms, they diverge in the CbN spiking behavioral outcomes they generate. The reviewers' proposal that slips primarily result from the 50-ms oscillation in the steps therefore is unfounded, especially since all the other analyses give a selfconsistent picture: slips arise with either complete suppression of CbN cell spiking or a loss of stride-related modulation concurrent with the slip. We therefore think that further LFP experiments would not be helpful and would in fact be uninterpretable.

\(b\) Shifting of the analysis window:

Based on their interest in the early oscillation, the reviewers suggest that we restrict our analyses to the first 120 ms of each trial. Given that the oscillation is

in the LFP of anesthetized mice, and does not appear to be transmitted, this proposal does not seem well justified.

-- It assumes without evidence that the activity in the cerebellar nuclei that is related to the slip necessarily precedes the slip rather than being concurrent with the slip.

-- It ignores the fact that slips often last for several hundred milliseconds of the 1-second stimulation (shown in Figure 5, Figure 10).

-- It is based on an unlikely assumption that the hindlimb movement for the full 1 second is secondary to the forelimb movement in the first 120 ms, and that this would be evident at the level of the firing by cells selected for having hindlimb-associated activity.

-- It gives no justification for ignoring firing patterns/rates during the slip itself. As the reviewers point out, the relation between cerebellar activity and movement can be quite complex and cells cannot be treated as simply sensory or motor.

We were aware of the ambiguity in identifying an ideal analysis window, however, we did the analysis in two ways (since the first submission). We first used the most assumption-free approach by analyzing the entire 1-second and testing for relationships between firing and behavior. Figure 9 illustrates the attributes of firing that evoked slips or non-slips during steps and trains. All data that were gathered are represented, without selection. Clear patterns emerged, discussed in the manuscript. Then we used a more conservative approach and reanalyzed all the data restricting the window to the time of the slip, for slips in which a clear onset and offset could be detected (Figure 9---figure supplement 1). These gave similar results, suggesting that the relevant measures are associated with neuronal activity that coincides with the slip. Thus, excluding the first 120 ms of the spike records gives results that are predictive of the slip outcome, which emphasize the inappropriateness of discarding all but the first 120 ms.

\(c\) Analyses of single trials:

Please note that we have already included trial-by-trial measures. Since the first submission, we made use of the "bug" of trial-by-trial variability referred to in the message from the Editor. Every trial is represented individually in Figure 9 and Figure 9---figure supplement 1. The difference between the non-slip and slip trials was whether or not the instantaneous firing rate of CbN cells continued to vary with respect to the phase of the stride in the same pattern as during normal locomotion, albeit with a lower firing rate (which correlated with a non-slip), or an altered pattern relative to normal locomotion (which correlated with a slip). This is illustrated in Figure 8 and Figure 10. The reviewers apparently overlooked this central aspect of the data.

\(d\) Curtailment of inferences:

Although we do not agree with the reviewers' stance, we have edited the full manuscript to cut out all inferences that CbN cell firing rate modulation might be necessary for locomotion (inferred from the observation that locomotion was disrupted when modulation was lost) as well as all references to physiological synchrony, except the last paragraphs of the Discussion, since our including these ideas seemed to be central to the reviewers' objections.

\(e\) Distinction from previous work:

Three groups have all used optogenetic stimulation that elevated CbN cell activity in stationary animals, which led to muscle contraction, and one group showed that Purkinje cell activation alters whisker set point but not movement. We cited this work. We are not aware of work published by others in which it is demonstrated that an ongoing repetitive well-trained movement is interrupted by the suppression of CbN cell activity (not during rebound spiking).

> Reviewer \#1:
>
> The authors have added new experiments and analyses to their manuscript, which is now significantly improved. Specifically, they have added some additional analyses as well as LFP recordings from the cerebellar cortex in anaesthetized mice during their optogenetic stimulation protocols.
>
> I have the following comments about the new experiments:
>
> 1\) The LFP recordings demonstrate -- when viewed over the whole 1 s stimulation time window -- that there are obvious differences in the coherence of Purkinje cells between step and train stimuli. What is worrying, however, is that in the initial \~60 ms, there is a clear oscillatory response present in their recordings (most probably reflecting synchronous firing). Given that the average latency to a slip is \~120 ms (reduced from 160 ms in the initial manuscript), this could be an important time frame for consideration, especially if the hindlimbs are \'followers\' of a forelimb slip.

Please see response above on the LFP data and the direct recordings.

> Related to this point, the authors bin across the PC and CbN firing rates in Figure 6 over 50 ms, which prevents the assessment of short term synchronous dynamics. In Figure 7, meanwhile, they assess spiking over the relevant (single millisecond) timescales.

This is why we plotted spiking responses with two bin widths: in Figure 6, with 50- ms bins so that the firing rates would be evident; in Figure 7, with 1-ms bins for comparison of spike timing. The latter permitted us to assess the short-term dynamics, and to observe that the steps gave consistent reductions in CbN cell activity after the first 10 ms, whereas the trains gave coherently alternating decreases and increases in spike probability.

> 2\) It is a little disappointing (though understandable given the technical challenge) that the authors did not perform these LFP recordings under the same conditions as the rest of the experiments in the manuscript -- i.e. in awake, running mice. While the conditions for the requested LFP recordings were not explicitly stated in the \"essential reviews\", it would obviously have been better to have these results obtained under the same conditions, especially considering the comments of Reviewer 3, Major point 3. Nevertheless, having seen the data from anaesthetized mice, it would be helpful to know whether:
>
> \(a\) Varying the duration of light steps (say down to the 60 ms range) produces similar results to the 1 second stimulation, and
>
> \(b\) Whether non-slip trials show a greater degree of LFP oscillation (Purkinje cell synchrony) than slip trials.
>
> If the authors have this data it would be helpful to include it in the final version of the manuscript.

Please see comments above on LFP recordings and their limitations.

> 3\) The methodological description of the LFP recordings is a little confusing. The authors state that (1) the fiber was normally \~4-5 mm from the tip of the pipette, (2) the CbN recordings were made 1.9-2.5 mm below the cerebellar surface, and (3) for LFP recordings, the pipette tip was broken at the level of the optic fiber and placed as if for CbN recordings, implying a 1.5-3.1 mm distance (4-5 minus 1.9-2.5) between the recording pipette and cerebellar surface. Is this correct?

This has been clarified as follows: "For local field potential recordings, the pipette tip was broken to give an electrode resistance of 0.8-1 MW, which permitted the fiber to be positioned as it was for direct recording from CbN cells."

> Reviewer \#3:
>
> While the authors have added helpful new experimental data, I continue to have major difficulties with this paper. I am unconvinced that the revisions have resolved the serious issues raised by all three reviewers in the previous round. I outline my major concerns below. In summary, in my view, once the caveats with the experimental approach that must be considered are taken into account, the conclusions left do not constitute a major advance in our understanding of cerebellar circuit processing and locomotion.
>
> 1\) Here is the logic as it is laid out by the authors in the abstract (and elsewhere):a. \'Trains suppressed CbN firing less effectively\' than steps;b. Trains \'altered spike timing\';c. Steps or trains that perturbed \'stride related modulation\' (which the authors confusingly use to refer to timing) correlated well with irregularities of movement;d. However, \'Unperturbed locomotion continued more often during trains than steps\'.
>
> In other words, trains altered spike timing more effectively, but didn\'t cause as many slips, yet the authors\' conclusion is that modulation of spike timing is what matters for inducing slips. As the authors acknowledge with the \'however\', this is fundamentally contradictory. If trains truly altered spike timing more effectively, and spike timing cause irregularities in movement, then trains simply should not allow locomotion to continue unperturbed more often than during steps. The authors speculate that \'the modulation of CbN spiking required for locomotion may persist more easily during synchronous inhibition\' and that this could account for the apparent discrepancy, but this is highly speculative, not to mention extremely confusing for me as an expert reviewer, and presumably even more so for a broad readership. Insufficient data is presented to support this idea and in my view, it cannot be used to explain the apparently contradictory findings, given the necessary caveats in interpreting the experiments as they were done (using sudden disruption of neural activity with optogenetics).

The reviewer has confused two issues: the time scale of what we call "stride-related modulation," which is the increase and decrease of instantaneous firing rate on the time scale of a stride (200-300 ms), and the time scale of spike resetting by trains, on the time scale of the interpulse intervals of the trains (5-20 ms). It is possible to reset the timing of spikes by a train and still retain stride-related modulation on the time scale of the stride. (For example, if in control locomotion, most spikes occur in the first 100 ms of the stride, with the train stimuli, most spikes might still occur in the first 100 ms, but their regularity might be altered.) We added the following text: "We refer to this change in instantaneous firing rate on the time scale of the stride (\~150-400) ms as "stride-related modulation." Later, we include the text: "It is worth noting that the consequent resetting of spike times in the CbN cells, occurred on a time scale of 5-20 ms, a much shorter period than the duration of a stride." We have also edited throughout the manuscript to make sure that the time scales are made clear.

What we find in this work is (1) that when slips occur, stride-related modulation is altered (evident in single-trial analyses). Note that this is true when Purkinje cell activity was altered by both steps and trains of optogenetic stimulation; i.e., it is independent of whether Purkinje cell synchrony was experimentally elevated. We also find that (2) when rate is controlled for, slips (i.e., loss of stride-related modulation) occurred 3x-4x more often with steps than with trains. Stating the converse, stride-related modulation was retained 3x-4x more often with trains than steps. This observation stands to biophysical reason: the gaps in experimentally applied inhibition by trains permit windows in which excitation (from mossy fibers) can effectively produce spikes, with rates that increase and decrease over the time scale of the stride, in a manner similar to control conditions. So there are not actually any contradictory findings.

The reviewer is inaccurate in saying that we claim that the "modulation" of spike timing on the time scale of ms by trains correlates with normal locomotion. We have tried to make this point clear by referring to "stride-related modulation" (fluctuations in instantaneous firing rate on the time scale of 200-300 ms) at several points in the manuscript. What we note is that (1) because nonslip trials persist more during trains, and (2) because nonslip trials correlate with stride-related modulation, it seems that trains---despite the resetting of spike timing on the time scale of 5-20 ms---are more permissive of stride related modulation. This is an observation, not an interpretation. The "however" contrasts the similarity between steps and trains (they both can cause slips) with the difference between them (one is more effective). There is no contradiction.

> 2\) I strongly disagree with the repeated claims in the manuscript and the rebuttal that the finding that ongoing locomotion is perturbed by optogenetic stimulation provides any evidence at all that \'modulated CbN cell firing is necessary for normal, ongoing locomotion.\' I pointed this problem out in my previous review, at which time I thought that the authors had simply not been careful with their language. However, now they are insisting on this point. To show that modulated CbN firing is necessary for normal, ongoing locomotion it would be necessary to effectively clamp CbN firing at a certain level and prevent it from modulating with the stride. This is not currently possible with optogenetic stimulation in spontaneously active neurons and the kind of acute perturbation of spiking presented here is particularly unsuited to making any claims about what natural patterns of spike timing may be doing during locomotion.
>
> (See for example:
>
> 1\. From the rebuttal: \'we can safely conclude that transient disruption of CbN output rapidly induces discontinuities of gait\' \[Ok\] and \'we can begin to infer that cerebellar output, and indeed modulated cerebellar output, is necessary for smooth, learned locomotion\'. \[No, we cannot; this has not been shown and is presented as a primary result of the manuscript\].
>
> 2\. From the rebuttal, \'These observations... permit us to conclude that cerebellar output consisting of modulated CbN activity is required even for well-trained ongoing repetitive movements like locomotion.\' Again, I fundamentally disagree that they do.)

Since loss of stride-related modulation correlates with loss of smooth movement, we had inferred (more exactly "we began to infer") that stride-related modulation might be necessary for smooth movement. To comply with the reviewer, we removed this inference throughout the manuscript and leave it to others to reason or not as follows:

-- Nonslips retain stride-related modulation of firing rates at same phase as control (no-light), with or without suppression of firing rates.

-- Slips lack stride-related modulation of firing rates at same phase as control (no-light), with or without suppression of firing rates.

-- From this we "begin to infer" (trying to put it cautiously, but still considering implications of the data) that stride-related modulation of firing rates at same phase as control (no-light), with or without suppression of firing rates, may be necessary for locomotion: because when it goes away, smooth locomotion goes away.

-- The reviewer's desire to clamp CbN firing at a certain level and preventing it from modulating was effectively done by analyzing trials with equivalent firing rates Figure 9H, I, J, K, L, M. In many of these trials, the firing rates are unchanged from control (within-trial measures) and the same as each other (overlapping open and closed symbols) yet there were slips and non-slips. The non-slips retained modulation. The slips lost modulation. This is why we think that modulation is related to nonslips.

> These observations follow directly from the data and we are puzzled how they can be subject to the "fundamental disagreement" expressed by the reviewer.
>
> 3\) There are many statements throughout the paper and rebuttal (including the statement quote in point \#2 above) relating to the idea that one important contribution of this paper is to demonstrate that sudden optogenetic perturbations of CbN neuron activity perturbs even well-practiced, ongoing locomotion. But this is entirely expected. It has been shown repeatedly, for example by the Lena, Medina, and Otis groups that optogenetic perturbation of Purkinje cell activity affects movement acutely in naïve animals. Disrupting movement of a limb of a mouse on a freely rotating cylinder will obviously, necessarily, induce \'slips\', particularly given that the authors are not even claiming that the slips they observe are a direct result of perturbation of control of the hindlimb (this is in fact their main defense for not analyzing forelimb movements.) Moreover, \'To what extent CbN cell activity is assistive, predictive, reactive, or generative remains open to discussion\' is used to motivate this study. But this study does not speak to those questions. CbN neurons are deep within the brain. They are not purely sensory or motor. Disturbing their activity with a sudden optogenetic perturbation of many CbN neurons at once perturbs movement, as expected, because they project directly to motor output areas. But this does not inform what signals drive their normal activity under physiological conditions.

Three groups have done experiments, which we cited, that involve optogenetic stimulation that lead to elevations of CbN cell activity in stationary animals and contraction of muscles. One group also has published that Purkinje cell activation changed whisker set point but not whisking for exploration, which we also cited. We are not aware of work that has shown the results in the present manuscript, namely that an ongoing repetitive well-trained, complex movement, such as locomotion, is interrupted by the transient suppression of CbN cell activity.

The differing perspectives presented by the reviewers seem to support the statement that it is open to discussion whether CbN cell activity assists (facilitates), predicts (carries a copy of a motor command that may be canceled elsewhere, having little effect on movement), reacts (makes corrections to movements that have happened), or generates (drives) movement. However, we edited the sentence to include the idea that the particular movement might matter. The question of what CbN cells do or don't do probably does not have a unique answer. However, the observation that transiently suppressing firing altogether or transiently disrupting stride-related modulation by altering the activity of Purkinje neurons (that project solely to CbN cells) correlates with movement errors does start to give hints about how CbN cells might contribute to this specific behavior.

> 4\) According to the authors, after the primary demonstration that disruptions of CbN activity perturb movement, their second main result is the demonstration that \'steps and trains of light that disfavor or favor Purkinje cell synchrony evoke different responses in CbN cells and different behavioral outputs.\' Although the authors have added LFP data to support the idea that the optogenetic stimulation resulted in more synchrony with trains than steps (though steps also induced synchrony for the first \~100ms or so), I am still not convinced that the paper presents results that speak to the question of how physiological PC/CbN synchrony might affect locomotion. In some places in the rebuttal for example, the authors admit that they cannot speak to physiological synchrony. But sometimes they say things like: \'The results provide a framework for interpreting systems-level observations in light of observations from cellular physiology.\' The link here between the two levels is too tenuous and statements like this are unsupported by actual data. Moreover, if their claims are limited to claims about optogenetic synchrony (which I think they necessarily are), I do not see this as a meaningful advance.

While it may or may not be appropriate for the reviewer to ask us to curtail our thinking about the implications of the data or to censor a cautious statement to the effect that the results provide a framework for interpreting existing ideas, we removed the statement that we can use the data as a framework for interpreting, and we have removed all references to the existence of physiological synchrony except in the last paragraph. Regarding the meaningfulness of the advance, please see point \#3.

> 5\) The first part of the paper is meant to be a description of PC/CbN activity in mouse cerebellum during locomotion, which the authors argue, and I agree, is a necessary step in addressing their later questions. However, this analysis is incomplete and basic aspects of this characterization are lacking. For this part of the paper to represent an advance on its own, given the many similar published studies from other species, the authors would need to thoroughly analyze the speed dependence of the physiological responses they observe, for example. Given that they cannot speak to whether they were in a fore or hindlimb region, they would also need to at least consider changes in interlimb coordination and timing across speeds, to assess whether those could account for changes in neural responses, either across speeds in the same cells, or even possibly across cells, if the animals were locomoting at different speeds in different recordings. For example, in Figure 4, could changes in interlimb phasing across speeds account for these different categories? How common are the different categories of responses across speeds? Are these even distinct categories of responses? Similarly, in Figure 3, fifth paragraph of the Results, Figures 3E, F do not show that across speeds/stride durations \'firing rates tended to rise and fall at consistent phases of the stride cycle for both Pkj and CbN cells\'. 3E, F are each one representative neuron, and there is no analysis of the relative phase modulation at different stance durations. The fact that there is still an average modulation when normalizing for stride duration does not speak to whether there is a consistent dependence of phase on stride duration. This is relevant, again, because fore/hind limb phasing also depends on speed.

The reviewer has misunderstood the goal of the manuscript. The first part of the

> manuscript is not an effort to generate a complete, stand-alone description of locomotion, but is in service of the optogenetic experiments that follow. We tracked the hind paw because it was reliably detectable by our camera (more so than the fore paw) and we verified that optogenetic stimulation of the recording region led to hindlimb movements. That, and the constraints on location, were the means by which we limited the variance in the cells from which we recorded. We had neither interest in nor pretensions to studying interlimb phasing, which we did not record, and which is irrelevant to addressing the question of how do CbN cells fire during unperturbed locomotion and during different patterns of experimentally altered Purkinje cell activity that disrupt or fail to disrupt smooth locomotion, which is what we did study. There were not enough data to analyze each cell by speed because not all mice had enough strides at a range of speeds. Pilot analyses verified that the phase relationship between firing and the stride cells did not change with speed, and that eliminating especially long or especially short strides did not significantly alter the plots of stride-related modulation, justifying collapsing the data across stride durations. The reviewer is requesting not only a different analysis, but an entirely different study, which is beyond the scope or intentions of the experiments, data, or questions at hand.
>
> 6\) In the sixth paragraph of the Results and throughout the paper: The modulation index and the subsequent use of the word \'modulation\' to refer both to changes in spike rate and timing is extremely confusing. In the rebuttal the authors try to explain that they are using modulation to refer to changes only in temporal patterns but the definition itself is spike-rate based. This needs to be fixed.

This comment reflects the misunderstanding mentioned above. We use "stride-related modulation" and "firing rate modulation" to refer to the rise and fall in firing rates on the time scale of the stride. This is defined in the text and reinforced in several places. Twice we referred to modulation of spike probability, which we have now removed. Once in the revision we used "modulation" with respect to changing firing in the LFP condition, which we have now removed. Elsewhere, we use the word modulation (52 times) only to refer to the changes in instantaneous firing rates on the time scale of the stride. See also comments about the time scales, response to point \#1. We edited the text to verify that we used "modulation" or "stride-related modulation" to refer to the changes in firing rate on the time scale of the stride. We also added several repetitions of the time scale of the spike timing changes induced by trains for clarity.

\[Editors\' note: further revisions were requested prior to acceptance, as described below.\]

> Following this revision, the conclusions of the paper are now more in harmony with the data with respect to interpretation. However the reviewers had several comments that we would like you to consider and address so that the Senior editor can make a final decision on the manuscript. These are included below. Some are primarily for your information, but some will require adjustments in the text.
>
> 1\) Interpretationsa) The changes reflected in the rewriting of the first and the last sentences of the first paragraph of the Discussion, and the results are major improvements over their predecessors, which attempted to make larger claims about what was \"required\" during normal locomotion. These findings are now presented in a way that is adequately supported by the data.
>
> b\) The changes in the Discussion (which now reads \"In either case, these data provide evidence that cerebellar output can actively participate in locomotion\") and elsewhere are similarly crucial.
>
> c\) Synchrony: The authors have taken increased care in discussing physiological synchrony throughout the paper.
>
> d\) Terminology: Clarifications of the use of terms such as spike rate, spike modulation, and spike timing/synchrony are a major improvement. The authors could go further in this regard, perhaps using \"depth of modulation\" more consistently, and avoiding the term \"spike timing\" if at all possible (because \"timing\" alone still could refer to time relative to the stride). These suggested changes may be helpful for eLife\'s broad readership.

We checked the manuscript for these phrases. There are five uses of "spike timing." Two of them included the modifier "on a time scale of milliseconds." We have added "on a millisecond time scale" (or similar phrase) as modifiers on the two other uses in the text. The final use is in the legend where we referred to "rates and timing" which has been changed to "rates and patterns."

"Depth of modulation" is used only twice in the manuscript, both times explicitly to refer to the modulation index MI that is has a specific calculation associated with it. "Depth" is used on two other occasions to refer to the depth of the electrode but this usage seems clearly distinct.

> 2\) Beyond interpretation, the major technical issue was to what extent synchronous vs. asynchronous responses had been demonstrated in response to trains vs. steps. The reviewers asked for a demonstration in awake animals that steps did not elicit synchrony because recordings in the anesthetized animal may not reflect the situation in awake animals. Without such a direct comparison, the conclusions need to be adjusted accordingly. Much of the toning down in the revised text helps here, but this caveat (anesthetized vs. awake LFP recordings, and the issue of the synchrony at the start of the steps) should be explicit in the Discussion.

We have added a paragraph to the Discussion, with explicit reference to what can and cannot be learned from the various approaches taken.

> 3\) Proville et al. did show that stimulating Purkinje cells during whisking caused whisker deflections (see Figure 6C of their paper). They call this a change in setpoint, and argue that it did not interfere with ongoing whisking. However, the stimulation did in fact induce a movement. If one changes the position (setpoint) of whiskers, the mouse can keep whisking (as Proville et al. found). However, if one changes, for example, the position (setpoint) of a front limb during ongoing locomotion, it will necessarily \"disrupt locomotion\" at the level measured in the current study -- because it will prevent that limb from touching down at the expected time (if the paw is in the air) or it will directly perturb the wheel motion (if the paw is on the surface when the stimulation comes). The consequent change in support pattern or wheel motion will cause compensatory changes in the movement of all limbs, which will resemble hind limb \"slips\" as measured in the current study. Until now, the authors seemed to be assuming that their stimulations were directly disrupting locomotion itself -- whereas it is entirely possible that stimulation simply induces movement of a limb, and that locomotor patterns are altered as a result. For example, the same slips in the hindpaws and the same changes in CbN activity might occur if one physically halted the mouse\'s front limb while it was in the air during a step. The authors now acknowledge this possible alternative interpretation at several points in the manuscript.
>
> No response requested.
>
> 4\) In response to the concerns about the completeness of the description of neural responses during locomotion, the authors state in their rebuttal, \"Pilot analyses verified that the phase relationship between firing and the stride cells did not change with speed, and that eliminating especially long or especially short strides did not significantly alter the plots of stride-related modulation, justifying collapsing the data across stride durations.\" This is quite useful information that we recommend should be incorporated in the Results section.

This information is already in the manuscript and is illustrated in Figures 3C and 3D. We added the sentence from the rebuttal (mildly edited for clarity) just to drive this point home further.

> 5\) Introduction, paragraph two: \"Consequently, to what extent and during which behaviors CbN cell activity may be assistive, predictive, reactive, or generative remains open to discussion.\" This sentence should be deleted as its placement gives a misleading impression of what the paper is about. The question in the third paragraph asks the same thing in a way that is more relevant for the paper, and the same point is made elsewhere, including in the Discussion.

The sentence has been deleted. However, the intent of the sentence was meant to organize possibilities, not to claim that we were going to close the discussion.

> 6\) Paragraph beginning: \"The present experiments on voluntary locomotion in intact mice demonstrate that transiently suppressing modulation of CbN cell firing by directly altering Purkinje cell activity is sufficient to disrupt smooth, well-practiced locomotion". Because the authors highlight the effects of stimulation (as opposed to inhibition) of Purkinje cell activity, they could be more specific here and say \"stimulation of\" instead of \"altering.\" At the end of this paragraph, \"In either case, these data provide evidence that cerebellar output can actively participate in locomotion\" is a major improvement, as it does not infer causality that has not been demonstrated. The authors could also say something like \"and cerebellar output is tightly linked to locomotor performance,\" if they wanted to strengthen this statement.

The word "altering" has been changed to "stimulating."

> 7\) Subsection "Modulation of Purkinje and CbN cells during ad-lib locomotion", passage \"Here, we found that the pattern of modulation with respect to the stride across a given Purkinje or CbN cell did not depend strongly on stride duration; possibly the range of values assumed by variables such as pitch and roll was reduced by head fixation.\": This is an interesting point, but it is also possible that this could be a species difference, perhaps resulting from speed-dependent interlimb phasing differences in rats vs mice.

We changed "possibly" to "one possibility is that" to make it clear that the proposal is not exclusive.

> 8\) Second paragraph subsection "Cerebellar output and the persistence of well-trained movements": Suggestion: \"Such observations suggest that such modulation normally seen in cerebellar output neurons... may facilitate but may not be necessary for locomotion.\" Delete: \"represents sensory feedback associated with movement, which\", because the paper does not address this issue.

This sentence does not relate to our own data but is a summary of other people's interpretations of their own studies. We altered "suggest" to "have led to the suggestion" so that it is clear that we are not making a claim based on our own data, but are referring to the literature.

> 9\) In the same paragraph: Replace \"may vary depending on the behavior and the conditions\" with \"is unclear\".

We changed the sentence to say: "may vary with behavior and/or conditions." (The phrase "is unclear" is uninformative and we prefer to avoid it.)

> 10\) The x axis label for the bottom (histogram) panels of 6A, B should be seconds not milliseconds.

Thank you. This has been corrected.

[^1]: Boston Children's Hospital, Boston, United States.
